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Metal Big Area Additive Manufacturing is an additive manufacturing technique based on gas metal arc
welding. The systems’ dual nozzle design prints two steels simultaneously; in this study, the test samples
are made from AISI 410 stainless steel and AWS ER70S-3 mild steel.
Three print patterns were designed to isolate the effects on the interface between the two materi-
als. Deformation behaviour was analyzed by the use of two-dimensional digital image correlation. Non-
homogeneous strains and Lüders banding within the mild steel directly adjacent to the SS-MS interface
were observed. There is a clear increase in strength close to the interface but no statistical change in
strength between print patterns. Acicular ferrite/bainite were found close to the interface and allotri-
omorphic ferrite into the mild steel. A possible explanation for the changes in microstructure from is
discussed by the use of electron diffraction spectroscopy, digital image correlation, microhardness, and
electron backscatter diffraction.
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Prior to the industrial revolution in the early 18th century, goods were made by specialized
artisans by hand. With no computers or literacy, these skills were passed down by skilled
tradesmen. As one can imagine, this may produce high-quality components but at the
obvious cost of time, cost, repeatability and efficiency [1]. The industrial revolution was
a 100 or so year period in which many of these skilled trades transitioned to automated
processes through inventions like the steam engine and the assembly line. The key feature
was the significantly higher throughput in less time, which allowed for innovations in all
facets of industry [2].
From that time until recent decades, there have been two broad pillars of manufactur-
ing: subtractive manufacturing and formative manufacturing. Subtractive manufacturing
is the process in which a material is removed from a large block of material until it is
in the final desired shape; some examples include turning, milling, grinding, broaching,










clude lathes, milling machines, drill presses, brake press, but some newer technologies such
as electrical discharge machining and electron beam machining are also used. Formative
manufacturing is the process in which raw material is plastically deformed into the desired
shape. These processes are usually done at temperatures above the materials (usually
metals and plastics) recrystallization temperature and in a region where the flow stress is
sufficiently low. Examples of these processes include forging, casting, extrusion, rolling,
punching/stamping, injection moulding etc. While many of these processes have become
immensely precise, they are not without limitations.
The third pillar of this manufacturing paradigm is Additive Manufacturing (AM). AM
is the automated layer-by-layer addition of material made directly from 3D Computer-
Aided Design (CAD) data without the need for part-dependant tooling [3]. The most
fundamental difference between this technology and the others mentioned above is the
idea of building a part by adding material instead of taking a block of cast material and
removing pieces until a part has been made. While traditional manufacturing is effective,
the processes are inherently wasteful and limited in design freedom. AM can fabricate
almost any part geometry from an input material and energy source [4]. While it is
inevitable that this technique will replace some of the need for the traditional technologies
and disrupt manufacturing supply chains [5], this is not to say that the other technologies
are no longer valuable. AM is not without its limitations, areas like surface finish and
dimensional tolerance will still need the aid of traditional techniques.
To give a holistic background into additive manufacturing and why one should care, the
following chapter will discuss a short history on the topic, the different types of AM as well
as a short economic overview. The purpose is to show why this research will be valuable
to the field as a whole as a case will be made for the adaptation but also highlights where










1.1. History of Additive Manufacturing
1.1 History of Additive Manufacturing
AM is by no means a new concept. For as long as people have been putting images on
canvas there was a goal of making it look more lifelike. The ideas used shadows, perspective,
and colour changes to give the illusion of a three-dimensional object on a two-dimensional
plane. A common three-dimensional object projected on a plane is a topographical map
for navigation purposes, whereby the density of the lines indicates the gradient of the
terrain. In 1892, J.E. Blanther suggested a method to create moulds for topographical
relief maps. The method involved cutting wax plates for each level of the topographical
map and stacking them. After smoothing, the three-dimensional surface corresponds to
the indicated contour lines [6]. In the common era, this idea would hardly be novel, but
in 1892 this demonstrated that Blanther was thinking critically about how to translate
information to better suit the visual brain.
Photosculpture was an attempt in the early 20th century to create small replicas of
objects or people. An object would be surrounded by 24 cameras placed equidistant from
the object, capturing all facets. A sculpture would then carve a 1/24th scale model of the
original object using the silhouettes of each photograph [6]. The important correlation
between these techniques and AM is the concept of creating a three-dimensional object
from an already existing model. In the early 1900s, the model was something already
existing, a person or a sculpture; in the current era, the model is something created in
modelling software.
In 1984, Charles W. Hull was awarded a patent for the first additive manufacturing
system [7]. The niche that this filled at the time was the absence of systems that were able
to reliably create parts in any reproducible way. The system that Hull invented is coined
StereoLithographic Apparatus (SLA) and is described as follows in the 1984 patent [6]:










1.1. History of Additive Manufacturing
three-dimensional object by forming successive, adjacent, cross-sectional laminae
of that object at the surface of a fluid medium capable of altering its physical
state in response to appropriate synergistic stimulation, the successive laminae
being automatically integrated as they are formed to define the desired three-
dimensional object.”
The patent is the first of this technique, but more importantly, it was the first to combine
the use of CAD and Computer-Aided Manufacturing (CAM) with a prototyping technique.
The SLA technique created the fundamentals for AM, the use of high energy stimulation
on a medium in successive layers built in the vertical direction. SLA uses liquid Ultraviolet
Light (UV) hardenable resins as the medium and a UV source as the method of stimulation
to cure the resin [7]. The programmable beam of UV light is used to draw the cross-section
of the part at the surface of the liquid. The UV light cures the liquid in a pattern, the solid
object is then drawn away from the liquid a distance of one layer thickness. This process
is continued until the entire part has been formed. The commercial version of this device
was then available for the market in 1988 [8].
In the 1990s, there was a large diversification in the types of materials that were avail-
able for AM. With each new material added to the field came an improvement in an older
fabrication method or the invention of a new method entirely. The most notable technique
is likely Fused Deposition Modelling (FDM), which has increased dramatically in popu-
larity due to its usefulness in student education [9]. The combination of low material and
operational costs, along with the small-sized printers has shown to be very effective in ed-
ucational settings for the integration of science, technology, engineering and mathematics
education and collaboration [9]. FDM and SLA are similar in the sense that they both
use CAM/CAD (as all AM practices do) and both use plastics. FDM extrudes a plastic
filament in a liquid state for each layer pattern, whereby the liquid comes in contact with
the base and solidifies [10]. This technology is commonly used in high school classrooms










1.2. Classes of Additive Manufacturing
The initial experimental materials used in the early days of AM are plastics due to the
low melting points, low cost, and generally non-toxic properties. The natural evolution
is to attempt to build more complex parts and use more sophisticated materials. The
market forces driving innovations in AM revolve around whether or not the technology can
become an efficient through-put manufacturing technique in industry [11]. Using AM as
a prototyping technique is exciting but gaps still exist in the supply chain that prevents
development into a useful industrial manufacturing technique [12]. The notion that the
new technology could be used as manufacturing for end-use products pushes the market
forward to apply new materials.
The precursor method that leads to metal AM is the selective laser sintering for pow-
dered plastics. The same principle is applied to metals in the Selective Laser Melting
(SLM) and Electron Beam Melting (EBM) techniques. The first commercial metal sys-
tems were developed by AeroMet and Extrude Hone AM in 1998 for titanium and steel
respectively [8]. Extrude Hone AM (now Ex One) made parts for Motorola based on MIT’s
3DP inkjet-printing system, within the same year they also introduced the powder-based
laser-melting system in cooperation with the Fraunhofer Institute for Laser Technology [8].
These techniques fall under the category of Powder Bed Fusion (PBF) methods as the part
is built by fusing particles from layers of powder. The other major metal fabrication tech-
nique is generally called Directed Energy Deposition (DED). Here, the material is deposited
using energy that is directed in the form of a laser or plasma at the continuous flow of
material. Metal AM fills a particular niche in manufacturing by meeting performance,
efficiency, sustainability and energy savings [13].
1.2 Classes of Additive Manufacturing
AM techniques can be primarily divided into 5 major classes depending on the overarching










1.2. Classes of Additive Manufacturing
system technologies and materials. While this list is not exhaustive, as the landscape is
always changing, it provides an overview as to the technologies and their most common
materials. Each of these categories provides a framework for the general principals at play
regardless of the energy source or material used. The secondary category is the specific type
of technology that is used, which usually dictates the energy source, the potential materials,
build rates etc. Generally speaking, companies will specialize in a specific technology rather
than an entire process category. As an example, ExOne produces Binder Jetting printers,
Sciaky makes Electron Beam Additive Manufacturing (EBAM) systems, General Electric
Arcam produces Electron Beam Melting (EBM) printers and EOS GmbH makes industrial
Selective Laser Sintering (SLS) printers. While there are many different types of printing
technologies, the focus for this thesis is on metals – specifically steel. The methods of
printing metals can be divided into PBF and DED methods, where PBF uses powder and
energy sources to fuse layer-by-layer deposited particles and DED fuses wire (except for
laser powder-feed system) continuously fed into the energy source. Since this thesis is
focused on metal AM, only PBF and DED will be discussed in the following sub-sections.
1.2.1 Powder Bed Fusion
PBF systems, regardless of energy source or manufacturer, work on the same principle of
layer-by-layer fusion of metal powders. As with any additive manufacturing system, the
CAD model is ‘sliced’ into planar layers and a scan path is defined. The scan path pattern
may vary, but the laser will pass over all areas where the powder is to be melted or sintered.
An important distinction between PBF and DED prints is the use of support structures.
In PBF, the support structures are typically thin rods or walls that support the weight of
the overhanging part above it. As shown in Figure 1.1(a), the build region lowers and a
thin layer of powder is spread over the area. After the laser fuses the particles within the
designated scan path, the build volume lowers and the process starts again. Each layer










1.2. Classes of Additive Manufacturing
Table 1.1: Summary of major additive manufacturing technologies and most common materials [13–21]
Process Category Technology Material Categories Common Materials






Material Multi-jet Modelling UV Resins, Wax,
Jetting (MJM) Composites
Binder Jetting Metal Powder (+binder) Fe-Cu bi-metal
(BJ) W-Cu bi-metal
316L and 17-4PH
Material Fused Deposition Thermoplastics ABS






Powder Bed Selective Laser Sintering Thermoplastics
Fusion (SLS) Industrial Ceramics




Electron Beam Melting Metal Powder Ti-alloys, TiAl
(EBM) Co-Cr
Inconel
Directed Energy Wire-Arc AM (WAAM) Metal Wire Steels
Deposition Invar
Ti-6Al-4V
Wire-Laser AM (WFLB) Metal Wire Cu-alloys
Laser Powder Deposition Metal Powder Ti-alloys
(LPD) Stainless Steel
Inconel
Electron Beam AM Metal Wire Zircalloy
(EBAM) Inconel
Stainless Steels
For SLS and SLM, printers the environment is backfilled with an inert gas (e.g. argon)
to avoid rapid oxidation [14], while in EBM the environment is a vacuum to prevent the
electron beam from scattering (approximately 10−4 Pa) [22]. Another critical difference in
EBM is the pre-melting sequence. The entire layer is lightly sintered before being fused to
avoid electro-static repulsion of the particles being impinged by the beam [14]. The SLS










1.2. Classes of Additive Manufacturing
Figure 1.1: Diagram schematic of (a) PBF [14], (b) LENS [14], (c) WAAM, (d) EBAM [14].
of 20-100 µm, and a laser spot size of 80 µm [23]. In comparison, the EBM systems usually
operate with larger particle sizes, layer thickness and spot size of 60-150 µm [14], 50-200
µm, and 100 µm, respectively [23]. A comparison between two of the major manufactures
of SLM and EBM systems, Renishaw and Arcam respectively, is shown in Table 1.2.
Table 1.2: Operating parameters of two competing commercial PBF processes.
Company and Product Renishaw RenAM 500Q [14,23,24] Arcam AB Q10 [14,23,25]
Powder size [µm] 10-60 60-150
Layer Thickness [µm] 20-100 50-200
Spot Size [µm] 80 100
Beam Power [W] 500 3000
Scan Speed [m/s] 2 8000










1.2. Classes of Additive Manufacturing
1.2.2 Directed Energy Deposition
DED processes are classified into two categories: powder and wire feed systems. The
biggest difference that separates DED from PBF is the method in which the material is
added to the previously deposited layer. While PBF deposits an entire layer of material
regardless of the layer geometry, DED only delivers material where the print path is defined.
That is to say that the DED method directly deposits material into the energy source.
The DED method that uses powders has a variety of names (such as Laser Engineered
Net Shaping (LENS) by Sandia National Laboratories, or Direct Metal Deposition (DMD)
by POM [23]). each coined by the institution responsible for its invention. For simplicity’s
sake, the method of feeding powder into an energy source will be referred to as Laser
Powder Deposition (LPD), as it best describes the method. The fundamental process is
shown in Figure 1.1 (b) consists of a central laser beam (usually a fibre or Nd:YAG laser)
with a coaxial nozzle that simultaneously supplies the powder. The focal plane of the beam
is just above the material melt pool and the powder stream is injected directly into this
focal plane [26]. Even though LPD shares the same energy source as SLM, the particle
size is slightly larger in the same range as EBM at 50-120 µm [26].
All other DED methods use a solid wire as the deposition material – this is more akin
to traditional welding. There are three main technologies, but they all work on the same
principle. A wire is continuously fed into the area of interest while an energy source melts
the wire millimetres above the surface. The material then drops as small liquid droplets
directly below forming a ‘melt pool’ and eventually solidifies. As shown in Table 1.1,
the three energy sources are plasma arc (Wire-Arc Additive Manufacturing (WAAM)),
fiber laser (Wire Laser Additive Manufacturing (WLAM)), and electron beam (EBAM).
In comparison to all the other metal AM technologies previously mentioned, the physical
scale of DED methods (including LPD) is significantly larger. The maximum powder size
for LPD is approximately 200 µm in diameter, which results in a layer thickness of a similar
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a maximum of 1.5 mm [27] in diameter. The consequence of larger feedstock materials is
inferior surface roughness and dimensional accuracy, but far superior deposition rate and
in some cases energy efficiency.
1.3 Economics of Additive Manufacturing
Gebler et. al. depicts the economic impact of AM in the form of potential dollars saved
during the production, use, and decommissioning of a product [28]. They predict that
the majority of savings will come from the production stage (113-370B USD), followed by
the use phase (56-219B USD) and finally decommissioning (1-4B USD) by 2025 [28]. A
more specific breakdown shows that the largest relative influence is the cost savings for
aerospace fuel at approximately 21% of the total savings [28]. While consumer products
and the automotive industry may have a larger representation in dollars, the influence from
AM on the market is small or marginal at best [28]. Another important metric related to
savings is the tonnage of emissions that could be saved from the more efficient designs.
According to Gebler et. al., the total life cycle savings could account for 130-525 Mt of
eq-CO2 by 2025 [28]. The potential savings in the production, use, and decommissioning
are 34-151 Mt, 84-328 Mt, and 12-45 Mt of eq-CO2, respectively [28].
As one could imagine, approximately 50% of the saving potential would be a product
of lightweight aerospace designs. This combines the aerospace fuel as well as the energy
needed to produce the parts. The reason for such high savings in aerospace is a reduction
in the ‘buy-to-fly’ ratio – the ratio of the weight of the raw material used to make a
component and the final weight of the component itself. Current manufacturing methods
result in ratios as high as 20:1, whereas 3DP could offer almost 1:1, as speculated by
Gebler et. al [28]. This combined with the immense cost of jet fuel required to achieve
flight, aerospace may be the biggest beneficiary of AM.
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already started to make an impact in the global manufacturing market. In 2014, it was
estimated that AM produced $241 million in value-added within the US and $677 million
globally, which equates to approximately 0.01% [29]. A current model by Thomas et. al.
predicts that, at a conservative estimate of 10% saturation of the relevant manufacturing
market, the U.S. AM shipments can reach over $15 billion [29]. In 2013, the McKinsey
Global Institute estimates that the 2025 global market may be worth 230-550 billion US
dollars [30]. Their prediction identifies three major markets: consumer goods (100-300B
USD), medical components and transportation (100-200B USD), and moulds and tooling
(30-50B USD) [30].
As demonstrated above, AM can reduce energy, costs, and environmental emissions in
the manufacturing, use, and decommissioning stages of a product [28]. The key to fulfilling
these promises is the concept of Design for Additive Manufacturing (DfAM). Many of the
constraints in traditional manufacturing do not exist in AM; thus, the traditional design
process methodology can no longer be applied. AM has different batch sizes, throughput
capacity, production times, tooling and material costs as well as unique material properties,
and geometric limitations [14, 15, 31]. The new design space requires different means of
quality control and metrology [15]. A full understanding of the design tools, rules, processes
and methodologies is considered the largest challenge of AM. There is no shortage of
ideas and applications for AM on the internet, but just like the industrial revolution, the
difficultly lies in creating something new and useful. A lack of understanding of the new
design criteria can prevent engineers from fully exploiting the technology and eventually
result in poor industrial adoption.
While there are some draw-backs to AM, as highlighted in Table 1.3, the list of advan-
tages is fairly remarkable. Gebhardt et. al. [3] lays out three main traits of AM that have
the power to change the industry. The first, and most obvious, property is the ability to
print extremely complex parts at no additional cost. Not only can complex metal parts
potentially be created better with AM than traditional methods, but they can also be made
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the engineering process that depends on subtractive methods is often strictly limited by
the complexity of the desired part. With more powerful computers and models able to
optimize designs for heat transfer or weight reduction, the only way to fully utilize some
of these designs is to print them.
Second, in the near future, single parts may be printed from multiple materials or new
materials entirely. Most AM technologies focus on printing in single materials at a time
because that is what has been the norm in the traditional manufacturing space – creating
parts with isotropic and uniform properties. Specific types of AM are capable of printing
multiple materials at one time (as in this thesis), but also changing parameters on the
fly. AM adds material to the build volume one voxel at a time, in theory, each of these
voxels could have different properties such as strength, elasticity, thermal and electric
conductivitys etc.
Thirdly, the digital direct to manufacturing nature does no require extra part-specific
tooling. In the same build volume, one can produce a variety of different parts, each
with different parameters and uses. This provides the opportunity for mass production of
customized parts on a large or small scale.
At the moment, the only multi-material commercial parts are made with plastics or
polymer type printers. Printing materials like carbon fibres can be optimized to provide
site-specific material properties. While this is not yet the case for metal AM, there is
academic research in functionally graded metals that may fill current gaps Ashby mate-
rial property charts [31]. With the advent of machine learning approaches to material
design [32,33], it is possible to use AM to produce alloys that casting cannot [34]. Thirdly,
mass customization is possible because AM does not need product dependant tooling [3].
An excellent example of AM being utilized for mass customization is the company Align
Technology that creates the Invisalign clear dental aligners. The company produces ap-
proximately 320,000 unique parts per day via SLA printing by 3D Systems [35]. The
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These stages are printed in thermoplastic materials and sent to the patient over a series of
months or years [36]. This massive customized part production, where each pair of parts
is tailored to the individual, is something that can only be done through the economic and
design benefits of AM.
Table 1.3: Advantages and disadvantages of additive manufacturing [4,15,28,29,37–40]
Advantages Disadvantages and Challenges
• Design with almost unlimited part com-
plexity
• Part consolidation
• Potential custom metallurgy, microstruc-
ture, surface textures, and porosity
• Shorter lead times
• Conformal (non-linear) cooling channels
• Complete designs are in a single digital
format
• Raw material savings and recyclability
(estimated at 95-98% recyclability for
metal powders)
• Mass customization
• Fully functioning metal parts for rapid
prototyping
• Fast production times reduces inventory
risk
• Small batches are feasible and economical
• Potential for customer driven designs
• Change in engineering and design mindset
– new design rules for AM
• Dimensional accuracy, tolerances, surface
finish, and minimum wall thickness
• Lack of variety of current materials
• Mechanical and material property
anisotropy (as-built)
• Single component size is limited to ma-
chine build volume
• Development and standardization of new
materials and part manufacturing pro-
cesses (reliability and consistency)
• Automation of AM into larger scale pro-
cesses (supply chain adaptation)
• High complexity post-processing to re-
duce surface roughness
• Intellectual property rights and security
While traditional manufacturing may dominate mass manufacturing, WAAM is far bet-
ter suited to fabricate customized tooling, fixtures and dies for the traditional manufactur-
ing techniques [4]. In traditional mould manufacturing, the part is completely machined
from a single block of forged steel; this has extremely high tooling and labour costs as well
as very large lead times. WAAM can quickly print the rough shape of complex tooling
with only surface machining needed; this offer manufacturers the ability to gain complexity
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for both AM and other forms of manufacturing, it is critical to building the same level
of engineering and materials knowledge that exists in traditional manufacturing. The fol-
lowing chapter will review the basics of welding metallurgy relating to WAAM as well as














As previously discussed, WAAM is not by any means a new scientific invention but instead
a new application of a well-known technology. The welding process is a generally well-
understood topic when relating to a single welded, textbook type scenario. This process is
less understood for a scenario of many welds upon each other, and even less so for different
materials welded upon each other. While it would be inappropriate to discuss the entirety
of welding metallurgy in this thesis, information on the basic microstructural regions as
well as the current research on mild steel WAAM will provide a backdrop for the research.
This information will be accompanied by the introduction of Digital Image Correlation -
the general concepts and mathematics and how it has been used in the field of AM. Because
this research is so closely tied with the research group at MDF-ORNL, the final section
is a review of all the scientific literature published by the group. These materials directly










2.1. Microstructures of Welded Steels
2.1 Microstructures of Welded Steels
In a common welded region, there are four distinct microstructural regions; the Fusion Zone
(FZ), Unmixed Zone (UMZ), Partially Melted Zone (PMZ), and Heat Affected Zone (HAZ).
A diagram of these various zones is found in Figure 2.1. This schematic is representative
of steel welded onto another steel base material but realistically can represent a wide
variety of metals. It should also be noted that there are a variety of welding methods, this
schematic has been tailored specifically for the GMAW technique. The FZ microstructure
can vary widely depending on the alloy and composition, but this is the innermost region
of the weld and is generally assumed to be made up entirely from the material being
deposited. The microstructure in this region is consists of either cellular or columnar
dendrite microstructures. Because the solidification and cooling rates in this region are the
slowest throughout there is a possibility to form large equiaxed grains as well. The type of
microstructure that is formed in this region depends not only on the deposition material
but also on the welding parameters such as feed rate, welding speed, power etc. The UMZ
is the region where the velocity of the fluid boundary layer is zero, and solidification is
assumed to occur in a stagnant liquid. The region is usually very small and sometimes
undetectable but often forms a two-phase region of the deposited material. The PMZ is
the region between 100% concentration of weld material and 100% concentration of base
metal. The region is usually an area of very small and complex grain structure as there
is a potential for significant solute segregation in the form of solid-state diffusion, pipeline
diffusion or other factors.
The last region of interest is the HAZ. As the name suggests it is the area outside the
welded region where no melting has occurred but the microstructure is affected by heat
created in the weld pool. This region can be quite large and have complex microstructures,
it can undergo recrystallization, grain growth, phase transformations, precipitate formation
etc. Figure 2.1a) shows the four main regions of the weld discussed above, but also the
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is the region where (assuming the base material is steel) the heat from the weld pool has
re-austenitized the material, the residual heat causes grain growth and then transformed
into its final microstructure. The zone just outside is the fine-grained HAZ, this is where
the base material just barely had enough time to reaustenitize before transformation into
ferrite. This results in a fine-grained structure without significant grain growth. The final
outside regions are where there is not significant enough residual heat to fully transform
the base metal to austenite, but instead some fraction within the α+ γ phase. The result
is a partially transformed region where some areas are tempered and some are tempered.
While this is relatively straight forward for a single weld on a homogeneous base mate-
rial, in the case of AM this is not the reality. Figure 2.1b) depicts what the regions may
look like after being welded many times. Of course, the size of each zone is not to scale and
depends widely on the type of material and deposition parameters. The point that is to be
illustrated is that the microstructures can become increasingly more complex as there are
more subsequent welds and of varying materials. More detailed information on the various
types of possible welded microstructures can be found in the textbooks by Lippold [41]
and Kou [42].
2.2 Digital Image Correlation for AM
Digital Image Correlation (DIC) is a method developed in the 1980s to more directly
measure the strain of a material in-situ, rather than using the interferometry techniques at
the time [43]. The method directly measures the displacement of applied dots by correlating
a reference image to a deformed image. A random speckle pattern is applied to the surface
such that when the surface deforms, the pattern acts as a 1:1 frame of reference to infer two-
dimensional deformation. In the case of a tensile test, images of the sample are taken very
rapidly (around 5 times per second) to capture the deformation process. The technique
references a locally defined area at a specific point P (xi, yj) and correlates it to the same
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Figure 2.1: Microstructural and regional schematic of a) single weld bead, and b) multipass welds
(modified from Lippold [41])
u, yj + v), where u and v are the translations of points xi and yj to their new locations.
This is to say the following: x∗i = xi +u and y∗j = yj + v. The points P and P ∗ are located
in the middle of the same NxN subset of pixels in each image. The image processing built
into the software correlates the pattern in the subset and matches it with the subset in the
next time-step most likely to be the infinitesimally deformed subset.
A displacement vector d(u, v) is then used to describe a relation between the two points;
this is represented as a 2D translation matrix between the two images. From the translation








) can be extracted and used in a strain
tensor, such as the Lagrangian finite strain tensor [44] shown in equations 2.1 to 2.3. The
Lagrangian finite strain tensor is a 2x2 matrix composed of the strain components in the
x and y directions (exx and eyy) as well as the shear component (exy). The information
output is a two-dimensional strain map for each time step in the series of images. This
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strain map can then be used as a digital extensometer for any two points on the map, the
strains over an area can be averaged and analyzed, distances of certain portions of the
sample can be tracked overtime etc. It should be clarified that this method is purely visual
and only tracks the deformation that is shown on the surface in question. Some systems











































The DIC technique is used for a multitude of applications including residual stress anal-
ysis, thermal expansion and distortion of aircraft and components, processing chocolate,
crack propagation in buildings, etc [45]. The most prolific use of DIC is the full-field defor-
mation and strain analysis of tensile, compression and creep testing of materials. The first
use of DIC on a material that could be considered ‘additively manufactured’ was for the
investigation of constitutive data of various microstructural regions that make up a steel
weldment [46].
A uniaxial tensile test measures the final displacement of the gauge length and only
provides strain information that is averaged out over the entire length of the sample in one
direction. Using DIC, Reynolds et. al. were able to determine that the strain initializes in
the softest FZ region first, and as that area strain hardens, yielding occurs progressively
further away [46]. They also found that there exists minimal plastic deformation in the
base metal throughout the testing scenario. The progression of the specific locations is
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detailed level of regional strain analysis is critical in the testing of AM parts.
Ti6Al4V [47–50], SS316L [20, 51], and Inconel 625/718 [14, 52, 53] are the most preva-
lently studied materials in the field of AM. The majority of experience with DIC of AM
fabricated samples involves these specific materials. In the case of these different materials,
the phenomena that are being examined may not exist in steels. For example, Popovich et.
al. [53] used DIC as a method of microstructure characterization confirmation of Inconel
718. The sample was produced to have a fine-grained microstructure in the centre of the
gauge length and coarse grains in the extremities. DIC showed that the coarse-grained
regions experienced the largest deformations whereas the fine-grained regions experienced
for less deformation [53].
A more common use for DIC is the analysis of anisotropic behaviour, which is more
common in testing titanium alloys such as Ti6Al4V. This can be done in a variety of ways;
for example Arrieta et. al. [49] manufactured Ti6Al4V at various build angles to capture
the anisotropic shear effects between the samples. They observed that the shear angle was
approximately equal to the build angle of the samples and therefore the build direction
can have an impact on the failure mode that occurs in a printed part. This differs from
Karlsson et. al. [48] in the attempt to prove that one can remove such anisotropies without
heat treatments and just by manipulating the printing parameters.
In a higher resolution DIC experiment, they found that the parameters resulted in a
high degree of homogeneity. The local strain fields were relatively randomly distributed
and correlated to locations within the samples with holes. The resolution of DIC can
be taken one step further: instead of applying a speckled pattern to use as a reference
image, the microstructure of the sample can be used and be tested in a Scanning Electron
Microscopy (SEM). Once again with Ti6Al4V, Book et. al. [50] used DIC to track the
deformation of grains and found that the strain occurs along the axis of alpha lathes
instead of former beta grains in Widmanstätten titanium. The strain also causes slipping
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scale shear observations.
While this is an excellent insight into the uses of DIC in AM, the specific uses of the
materials of this thesis are few and far between. The only DIC correlation work reported
in the literature on the material used in this thesis comes from Saranath et. al. [54] on
individual ER70s-6 weld beads. Similar to Reynolds et. al., the method was used to identify
the various weld zones. In this study, the various welding parameters were manipulated to
track the size of the various regions as well as establish the DIC as a potential method for
optimized weld parameters.
2.3 Metallurgy of Mild Steel Wire-Arc AM
To date, there is no significant literature on the multipass co-welding of two dissimilar
welding materials. The common use of dissimilar metals in welding is for the use of
jointing to dissimilar metals together with a commonly weldable alloy [41]. This is either
done via friction stir welding the materials together [55] or welding a third material two
join the two dissimilar metals [56, 57]; neither of which are related to this thesis. There is
no practical use of welding a mild steel material onto a previously welded stainless steel or
vice versa.
The material used in this study (ER70s-6) is a common welding mild steel that is often
used in preliminary tests for prototype WAAM systems at universities. The preliminary
studies consist of single weld bead analysis for geometric optimization and microstructure
[58]. The next set of studies primarily investigates the surface roughness and metrology
of a medium complexity geometric shape [59, 60]. The final is the mechanical testing of a
thin wall built up in an AM type fashion [61–65].
The characterization of the mechanical properties for AM materials is common in new
design schemes, this is often done by printing walls and extracting tensile coupons in
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(AWS) ER70S-6 used in AM applications. Each of the different authors used different
printing parameters, build dimensions, and sectioned the samples from different areas.
The authors sectioned the samples in at least the x and y directions with the exception of
Astarita et. al. [64]. The complex nature of AM is shown through the very large scatter of
Yield Strength (YS) and Ultimate Tensile Strength (UTS) values. While the average YS is
around 405 MPa and the average UTS is 515 MPa, this is within the AWS A5.18 standard
range of (minimum) 400 MPa YS and 485 MPa UTS [66]. With that being said, there is
a large deviation within this data set. The YS ranges from 255 MPa to 470 MPa and the
UTS ranges from 475 MPa to 588 MPa (refer to Table 2.1 for citations). The spread in
this data shows how different systems can lead to drastically different results when there
are no heat treatments involved.
Table 2.1: Summary of tensile data on ER70S-6 used in AM applications
Reference Direction Yield Strength (MPa) Ultimate Strength (MPa)
Suryakumar et. al. X (torch) 434 ± 47 560 ± 44
[65] Y (stepover) 470 ± 61 588 ± 57
Z (vertical) 404 ± 62 512 ± 52
Astarita et. al. [64] 396 ± 20 529 ± 27
Haden et. al. [63] vertical 260 ± 40 485 ± 10
horizontal 255 ± 50 475 ± 10
Sridharan et. al. [67] X 410 – 480 480 – 520
Y 395 495
Z 380 502
Shassere et. al. [68] maximum 420 525
average 360 ± 7 475 ± 4
Asterita et. al. conducted DIC analyses and found Lüders bands only forming in the
direction of the print. SEM images with Energy Dispersive Spectroscopy (EDS) showed
no difference in the samples that experience Lüders bands versus the ones that did. The
fracture surface also shows some voids with an average dimension of 0.2 mm. Even though
the tensile strengths exhibit variations, the microstructures show similar features across
independent investigators. Specifically, Asterita et. al. [64] and Haden et. al. [63] both
find a relatively uniform microstructure throughout the build consisting of ferrite with
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layered structure that one may expect due to quick layer deposition, this acts as a form of
crystallization that restructures grains to hide the layered structure [64]. At the moment,
the most extensive microstructural analysis on the ER70S-6 material has been done at
MDF, which is discussed in more detail in Section 2.5.
2.4 State of WAAM
A variety of metal alloys have been investigated for DED processes; the most common
categories are titanium alloys (Ti-6Al-4V), nickel alloys (Inconel 625 and 718), steels,
aluminum alloys (2xxx and 7xxx series), and some magnesium alloys (AZ31 and AZ61).
Titanium-based alloys have high strength, toughness, creep properties and corrosion resis-
tance, which makes titanium alloys an excellent candidate for aerospace applications [27].
For this thesis, the focus of the research was done on the types of steels used in WAAM
technologies.
The most popular types of steels for WAAM or WLAM processes are types of austenitic
stainless steels, such as AISI 304 [63], 308LSi [69], 316 and 316L [70, 71]. At the moment,
AISI 316L is the most popular grade of stainless steel because of its wide range of appli-
cations ranging from naval applications [70] to experimental nuclear fusion reactors [72].
The microstructures found in printed stainless steels consist of the same phases (austenite,
delta-ferrite, and sigma) but the morphologies change at different sections in the print
depending on the thermal cycle experienced. Juric et. al. [73] found that the fraction of
fine-grained sigma phase decreased within the austenite matrix as the height of the part
increased. This consequently resulted in a decrease in strength and elongation before any
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2.5 Review of Manufacturing Demonstration Facility Re-
search
MDF user facility at ORNL in Oak Ridge, TN is a major research facility in AM technolo-
gies and was where the majority of work in this thesis was performed. MDF was established
in 2012 to perform early research on advanced manufacturing as a method to reduce the
cost of entry into the manufacturing market. MDF focuses on 5 major areas: roll-to-roll
processing, machine tooling, digital manufacturing, composites, and additive manufactur-
ing. The AM group at MDF houses a wide variety of printer technologies, including EBM
by ArcamAB, SLM by Renishaw, BJ by ExOne, large-scale custom polymer printers by
Cincinnati [74], and both a WLAM and a WAAM system by Lincoln Electric and Wolf
Robotics.
The WAAM system is referred to as mBAAM for Metal Big Area Additive Manufactur-
ing. The MBAAM system uses the Gas Metal Arc Welding (GMAW) technology powered
by a Lincoln Electric R500 Power Wave welder and an ABB IRB 2600 robotic arm set-up
by Wolf Robotics [75]. The approach taken by MDF is to focus on material development
simultaneously with engineering operations. The first major project by the team was print-
ing an excavator arm ou of stainless steel [76]. While some small tests were done prior
to this build, no extensive materials or mechanical analysis testing was conducted. The
purpose of the project was to use the entire process as a case study in building design rules
for WAAM and identify key features/characteristics that need exploration.
The design rules developed by Greer et. al. [76] rely heavily on the materials deposition
and removal, which is currently immature in academic circles. Other issues found in the
article and other documents posted by the group are more realistic topology optimization,
process control, toolpath analysis, heat management, efficient slicing, and material prop-
erties [76, 77]. While the process control is a study in process and software engineering,
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Figure 2.2: Excavator arm 3d printed from stainless steel at MDF. Photo taken with permission from
ORNL.
Greer et. al. used an isotropic elastic steel model, which does not take into account
the unique processing nature of the part. The framework leads to an investigation into
the thermo-mechanical model needed for proper topological optimization and engineering
design. Simunovic et. al. [78] built a functioning physics-based finite element model in
ABAQUS to predict macro-scale temperature gradients, distortion and residual stresses.
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calibrate the convection coefficients and material properties. While the model predicts
the temperature and distortion well, the simulation begins to deviate from the experimen-
tal results when attempting to model thin-walled sections. Changing the radiative heat
transfer coefficient improves the model but does not bring it into complete alignment with
experiments. The model was then used to simulate the excavator arm print, while there
are no results stated the group states that the addition of more accurate heat transfer and
material microstructural models are needed to be used as a useful prediction tool.
In the large follow-up effort by Hu et. al. [75],s comprehensive knowledge framework
was established to develop a quantitative multi-scale predictive toolset. A thin, 2-bead
wide wall was printed out of mild steel (ER70s-6) and the top, bottom and sides were
sectioned for tensile and microstructural characterization. By comparing high-throughput
High-Energy X-ray Diffraction (HEXRD) tensile tests and Electron Backscatter Diffraction
(EBSD) with a finite element simulation in ABAQUS to analyze the thermal histories,
Hu et. al. found good correlations between the strength, microstructures and thermal
histories [75].
Hu et. al. found fine-grained allotriomorphic ferrite and acicular ferrite at the bottom
of the build plate, which experienced the fastest cooling rates. The material was deposited
onto what is effectively a large heat sink, the first bead experienced many different cooling
rates in a short period. The same location at the bottom of the print is being subsequently
printed upon and within the first 400 seconds experienced three re-heating cycles. The
initial cooling rate was -105 °C/s and subsequent cooling rates were -50 °C/s. This high
cooling rate and a steady-state temperature of approximately 200 °C correlates well with
the fine-grained ferrite and no austenite. The top of the wall also consists of allotriomorphic
ferrite and acicular ferrite but with significantly larger grain sizes [75]. The use of HEXRD
was also able to show an austenite fraction of 0.9% in one of the samples at the top of the
wall [75]. While this may be an outlier in the data the simulations show an initial cooling
rate of -83 °C/s to 890 °C and a steady-state cooling is below -1 °C/s [75]. This thermal
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without subsequent reheating the little remaining austenite was preserved. The changes in
microstructure do not present a statistical difference in the ultimate tensile strength, yield
strength, or ductility.
As referenced in the previous section, the two works by Shassere et. al. [68] and Sridha-
ran et. al. [67] detail more in-depth tensile, toughness and microstructural experiments of
AM mild steel walls. Shassere et. al. printed two walls, the build for microstructural and
tensile was 572 mm x 470 mm and the build for Charpy testing was 305 mm x 362 mm [68].
A series of tensile samples varying in distance from the build plate were cut at three orien-
tations, rotated 0°, 45°, and 90° from the build plate. It was found that the samples closest
to the build plate have the highest yield point and ultimate strength with no difference
stated concerning the orientation. The explanation for the difference in tensile strengths
presented by the author is the mixture of acicular ferrite, bainite, and allotriomorphic fer-
rite, whereas the majority of the sample is coarse-grained polygonal ferrite [68]. While it
was not specifically quantified by Shassere et. al., it is stated that the ferrite grain size
does increase with build height [68]. The ductile to brittle transition temperature ranges
from -36° C at the bottom of the print to -17° C at the top, which is to say that toughness
decreases with increasing build height [68].
Sridharan et. al. used the Gas Tungsten Arc Welding (GTAW) process with the same
ER-70s6 material as previous studies [67]. They found the same correlations between
toughness and build height. Both experiments also found considerable scatter in tensile
ductility in the x-direction as well as a lower toughness in the x-direction versus the y-
direction. The largest scatter is found in the y-direction of the print (parallel to the build
plate) with a range between 12% and 30% [67]. The apparent cause is due to the presence
of porosity; porous regions yield prematurely because of the smaller cross-sectional area.
Sridharan et. al. did, however, find significant differences in strength concerning ori-
entation and height locations with the print [67] that Shassere et. al. did not find [68].
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degree of displacement type microstructures (bainitic, acicular and Widmanstätten), which
results in much finer grain size than polygonal ferrite in the z-direction.
Thus far, this is the only published materials science and engineering work that has
been done on the GMAW system at ORNL-MDF. The team at MDF has presented other
work regarding g-code and control systems [79], process development for printing AISI
410 stainless steel [80], and the effect of shielding gas on microstructure [81], but nothing
about multi-material single-part prints. This research will initiate the investigations into














As demonstrated in the final section of Chapter 2, significant materials science research,
and computational simulations must be done to fully understand the capabilities and limi-
tations of the mBAAM system. As of yet, no research has been done that investigates the
interface between Stainless Steel (SS) and Mild Steel (MS) when printed simultaneously.
The primary objective of this thesis is to develop knowledge about the effect of print pattern
geometry on the material and mechanical behaviour of mild steel and stainless steel wire-arc
AM.
The thesis is focused on both macroscopic and microscopic scales to gain a wider un-
derstanding of the effects of the print pattern on mechanical and material properties. The
macroscopic effects were analyzed using DIC uniaxial tensile testing and hardness profiles.
The microstructure was then analyzed with light optical microscopy, scanning electron mi-
croscopy, energy dispersive spectroscopy, and electron backscatter diffraction. The work
described in this thesis was in collaboration with MDF at ORNL in Oak Ridge, Tennessee.










scientists and engineers alike both at ORNL and the broader academic community. The
mechanical behaviour will improve decision making regarding the optimization of print
patterns for design engineers. The relationship between the microstructure and mechani-













EXPERIMENTAL DESIGN AND METHODOLOGY
As stated in Chapter 3, the main objective of this thesis is to gain knowledge about
the nature of the interface that is formed when mild steel and stainless steel are printed
simultaneously. As will be discussed in more detail in Section 4.1, the usual print patterns
are designed by the slicer with only robotic efficiency in mind. The deposition of these
materials produces three main types of interfaces between mild steel and stainless steel –
these three interface types will be the main testing comparisons. Experimental techniques
will be used to compare material properties and mechanical behaviour based on the print
pattern. As such the experimental procedure and specific points of interest for each print
pattern are as follows:
1. Mechanical behaviour analysis using DIC
• Strength
• Degree of Lüders band formation










4.1. Print Pattern Designs
2. Microstructural regions in proximity of the interface using optical and electron mi-
croscopy
• Existence and location of microstructures
• Fractions of specific microstructures
3. Composition within the proximity of the interface
• Amount of chromium, manganese, and silicon as a function of distance from the
interface
• Interface width
4. Phase analysis using EBSD
It is necessary to create an experiment plan that investigates macro and microscopic
properties to gain a better picture of the entire system. The experimental layout is aimed
at providing a full scope of the material behaviour, such that it can be used as a benchmark
for future experiments.
4.1 Print Pattern Designs
G-code is the is the name of the most common numerical control programming language
that is used to machining tools – where, how fast, and which path the tool should follow.
The tool path dictated in the g-code created by MDF is based purely on the route that
would be most efficient from a robotic point of view. As an example, a sample part was
created and sliced using the custom ORNL slicer, as shown in Figure 4.1. The inspiration
for this design comes from a nuclear fuel channel. The inner channel is an area for some
form of fuel while the outer 4 channels would be pumping coolant. In this design, it is
important to note that the mild steel material is shown in grey while the stainless steel is










4.1. Print Pattern Designs
and fuel need to be made from stainless steel and the rest is made up of the less expensive
mild steel.
Figure 4.1: A theoretical part with cooling channels designed to show the various tool paths. Green and
red indicate the stainless steel and the grey indicates the mild steel. The three highlighted regions (i.e.
PP1, PP2, PP3) are the samples of interface patterns investigated in this thesis.
There are a few key terms that will be referred to throughout the thesis that should be
discussed now. A bead of material is a line of material that has been laid down by the
head moving in a direction. The print head is the nozzle in which the wire is ejected from
and the arc is created. The print path is the path that the print nozzle takes to lay down
the beads. In other papers, the print pattern may also be referred to as the print strategy.
While the design is interesting, what is more important are the three highlighted regions;
PP1, PP2, and PP3. These three sections are highlighted because they form what will be
referred to as an ‘interface’. For this work, the interface between mild steel and stainless
steel is considered to be the plane that divides the two types of material. The print pattern










4.1. Print Pattern Designs
plate. While the printing of each bead exists on a plane that is parallel to the build plate,
the direction of the print head is moving parallel or perpendicular to the interfacial plane.
A diagram of the interfacial plane is shown on the rightmost diagram in Figure 4.2. It is
easiest to envision this by extracting these print patterns and creating a block where only
one interfacial pattern exists (Figure 4.2). In print pattern 1 (PP1), the beads of both the
mild steel and stainless steel are ‘end-to-end’, which is to say that the bead travels normal
to the interfacial plane for both materials. In print pattern 2 (PP2), the print head travels
parallel to the interfacial plane. Finally, in print pattern 3 (PP3), the mild steel print head
travels normal to the interfacial plane while the stainless steel print head travels parallel.
In an attempt to be as useful to the engineering design process two other considerations
were taken into account. The first being that the beads for subsequent layers start where
the previous bead stopped; as an example is given in Figure 4.2 where the PP1 bead
travels from a to b, but the next layer starts at b and travels from e to f. The second
consideration is the print by wire logic, which enables extremely good geometric uniformity,




















































Figure 4.2: Three interfacial print patterns extracted from Figure 4.1 used to create three separate
‘testing blocks’. Gray (left) represents mild steel and blue (right) represents stainless steel. The dotted











These three print pattern designs result in the most common formulations of the inter-
face, these set the testing framework for the thesis. These three blocks were printed to test
how the material and mechanical properties change (or remain the same) in various areas
of a complex print.
It should be noted that there is an error in the experiment regarding the method-
ology and the printed outcome. In Figure 4.1, the PP3 interface shows the stain-
less steel beads are parallel to the interfacial plane, but in Figure 4.2 it shows the
opposite. Unfortunately, this mistake was not caught until after the blocks were
printed and sectioned. While this is a regrettable mistake, it does not change the
methodology or experimental procedure.
4.2 Specimen Fabrication
4.2.1 Sample Blocks
The Wolf Robotics mBAAM system uses a DED type process that functions in many of
the same ways a traditional GMAW set-up would. The workspace is an enclosed and
ventilated work cell; which hosts an ABB IRB 2600 robotic arm with an IRC5 controller, a
Lincoln Electric R500 Power Wave welder configured to work in GMAW mode, and a dual
push-pull wire feeder. The dual wire feeder is utilized by a custom-designed and printed
mounting bracket. The build space is a 1.2 m x 0.9 m base with 2.4 m height. The cell is
also equipped with a 2D positioner (not used in this study), which serves as a secondary
articulated print table; the build volume is 0.8 x 0.8 x 1.20 m. An image of the printer
set-up is shown in Figure 4.3. The build plates are 1" thick steel and are fastened to the
base table with of toe clamps as shown in Figure 4.4. The large build plate and a maximum
number of toe clamps used to minimize the potential for residual stresses to bend the final
print. This would make the machining more difficult and also increase the systematic error











Figure 4.3: The metal Big Area Additive Manufacturing printer (mBAAM) system at MDF. Photo
taken with permission from ORNL.
The CAD model for the object was exported as a stereolithography (STL) file and sliced
using the custom created ORNL slicer software. The slicer re-created the object by divid-
ing it into layers, then the layers are translated into sequences of printing and travelling
motions. This is referred to as the g-code and describes the sequences of Cartesian mo-
tions representing the deposition path. The g-code is translated into arm-welder-process
specific commands which includes information like inverse kinematics, automated mainte-
nance, custom welding modes, and provisions for real-time closed-loop control of the part
geometry.
The print head continuously deposits metal following the geometric path dictated by the
g-code which forms the weld bead. When the print head reaches the end of the bead path,











Figure 4.4: One inch build plate clamped to the base table via toe clamps. A schematic of the tool path
for print pattern 3 is drawn on the build plate.
regarding which print head is to be used during which bead path. This forms the basis
of the ability to switch between different materials. The custom-built torch assembly will
switch the appropriate torch to the main position depending on the input from the g-code.
All beads deposited in the same vertical plane (regardless of material type) combine to
form a single layer.
As described by Hu et. al. [75], the custom and internal print by wire logic is used to
start the deposition at the optimal height but also monitor and adjust on the fly. The
system has been described by Hu et. al. as [75]:
"The system senses the geometric characteristics of the layer underneath and
corrects the current local layer height by modifying the vertical location of the
printing head and its deposition rate. This closed-loop control approach yields
high accuracy in the manufacturing of metal parts without the need for inter-layer
3D scanning, machining, or re-slicing." [75]











where the layer height and bead width differ from what is prescribed in the g-code. The
choice to keep this control active is to study the real-world scenario, not the idealistic
one. Considering that the control would never be turned off in a real print, it would be
inappropriate to conduct the study without it.
As in most AM technologies, the layers are deposited on top of each other until all
the layers are completed. The first layer of mild steel material was deposited, then the
nozzle switches heads and beside it, a layer of stainless steel is deposited. The print head is
automatically cleaned and then the process is started over again. In an independent study
at MDF, the bead height and width for the stainless steel was empirically determined, the
parameters are shown in Table 4.1. Using the assumptions stated above and ignoring the
geometric logic, each block consisted of 22 layers of stainless steel and 43 layers of mild
steel, yielding a total block size of 75 x 100 x 150 mm. Pertinent operating parameters are
described in Table 4.1.
Table 4.1: Deposition parameters
Travel Speed (Ts) 40 cm/min
Wire Feed Speed (Ws) 5 m/min
SS Bead Height (HSS) 4.5 mm
SS Bead Width (WSS) 3.3 mm
MS Bead Height (HMS) 2.3 mm
MS Bead Width (WMS) 4.5 mm
SS Bead Overlap (d∗SS) 2.4 mm
MS Bead Overlap (d∗MS) 3.3 mm
Each of the printed blocks shown in figures 4.5, 4.6, and 4.7 were machined in the
same manner to yield the same number of samples: 15 tensile coupons, 6 samples for
LOM/EDS/EBSD and two samples for general optical and electron microscopy. Once all
three blocks were printed three slices were roughly cut from the blocks along the yz plane.
The three slices were located on the origin, one quarter and one half the length of the
direction. If one were to draw a y-z plane that cuts the x-direction in half all but the
2 general samples would exist on one side of this plane, the material is assumed to be











Figure 4.5: Print Pattern 1 - block before sectioning
Figure 4.6: Print Pattern 2 - block before sectioning











for each of the 23 samples. The dark shading represents the MS and the lighter shade
represents the SS, each sample is placed to exist across the MS-SS interface.
Figure 4.8: Schematic showing the location of each sample as well as the naming convention.
4.2.2 Tensile Testing and Imaging
The tensile coupons were designed using the model provided by ASTM standard E8/E8M-
16 [82] but modified slightly to fit the geometry of the build. The coupons were 42 mm
gauge length and a 5 x 6 mm cross-section, as shown in Figure 4.9. Column 1 was water-jet
cut from the block and then all sides were surfaced with an end mill. Tensile coupons for
columns 2 and 3 were extracted via brass wire-EDM. The surface of the samples was then
lightly hand-ground using P1200 and P2500 grits for four and two minutes, respectively.
This technique removed approximately 10-15 µm of the surface as well as ensured that the
was surface flat in preparation for DIC. Columns 2 and 3 were not traditionally machined
in an attempt to minimize disrupting the surface of the material.
The design of the tensile coupons should be emphasized to answer some potential ques-











propriate choice for a multi-material part as these are generally used for homogeneous
materials. The motivation behind this research is for the information gathered to be as
useful not only academically, but also in the engineering context. The standard tensile
gauge width was chosen over a reduced area sample because the properties of the entire
material were of interest, not necessarily one section at a time. While investigation us-
ing DIC of each location in the print is interesting because there is currently no research
available the experimental design was optimized for statistical repeatability instead. The
width and thickness of the samples along were designed specifically to incorporate many
beads. The cross-section of the tensile sample (30 mm2) is equivalent to the cross-section
of approximately 10.7 beads of mild steel and 7.4 beads of stainless steel. This is in line
with the experimental design focused to investigate the overall material and mechanical
properties, not simply one specific region or one specific weldment. The geometric logic
makes it impossible to state exactly how many beads are within one sample, the varying
power and speed change the bead size on the fly. That level of analysis is out of the scope
of this project.
Figure 4.9: Schematic drawing of tensile samples (in mm).
The universal testing set-up consisted of a custom MTS servo-hydraulic, MTS 407
controller, MTS 647 hydraulic grips, MTS 609 100 kN alignment fixture, and a 50 kN
Interface load cell. The camera that was used as a CMOS type FLIR Grasshopper3 USB3











room temperature with a nominal strain rate of 10−3s−1.
The software used for image capture and strain calculations were VIC-Snap and VIC-2D
respectively, produced by Correlated Solutions. The subset size was 23 x 23 pixels with a
step size of 5 pixels, where each pixel corresponded to approximately 16 µm in length. The
pixel weights within the subsets were Gaussian weighted to gain a combination of spatial
and displacement resolution. The correlation-criterion is a normalized square difference
with an 8th order interpolation spline.
4.2.2.1 Speckle Pattern Quality Assessment
While the calculation parameters (i.e. correlation criteria, subset size and shape function,
interpolation scheme, strain model) were the same between all DIC experiments, the speckle
pattern was not and hence was closely associated with the quality of the test. The speckle
pattern was applied using black and white spray paint, but because it was applied by hand,
there was some variability between tests. A method of speckle pattern quality assessment
was necessary to make a reasonable comparison within this text and to others. This
quality assessment can be used as a check for data that may resemble an outlier and also
as a method to compare against external research. The method chosen to compare the
patterns was the Mean Intensity Gradient [83], which was designed to evaluate the global
image quality. The quality of the image is based upon the contrast between the dark and







|∇f(x ij)|/(W ·H) (4.1)
Where W and H are the image height and width in pixels, |∇f(x ij)| is the absolute
value of the local intensity gradient vector, which was computed using the Sobel gradient
operator. The local intensity gradient is defined as |∇f(x ij)| =
√











fx(xij) and fy(xij) are the x- and y-directional intensity derivatives at pixel xij. Pan et. al.
showed that the mean bias error and the standard deviation of the measured displacement
are closely correlated to the Mean Intensity Gradient (MIG) [83]; a speckle pattern with a
large MIG produces smaller mean bias error and smaller standard deviation error. This is
to say that the larger the MIG, the better the speckle pattern.
Table 4.2 shows the calculated MIG values for all three sets of experiments. ImageJ was
used to create a grayscale image, the image was then processed in Matlab using the Sobel
operator to calculate the MIG for each set of pixels. Column 1 was used for a full gauge
length view, this is reflected in the lower resolution MIG. As stated previously, column two
and three DIC was focused on a smaller area – this is echoed in a higher MIG. The mean
speckle particle sizes are analyzed in ImageJ to confirm they were within the optimum
range of 3-5 px in diameter. While this value is ideal, deviations from the range can be
compensated by appropriate calculation parameters.
Table 4.2: Mean intensity gradient as a self-comparative tool to assess speckle pattern quality; higher is
better.
Row No. Column 1 Column 2 Column 3
PP1 PP2 PP3 PP1 PP2 PP3 PP1 PP2 PP3
1 98.7 109.3 138.7 187.3 216.2 201.9 201.8 199.0 220.2
2 94.9 143.9 125.2 205.7 167.4 224.6 197.5 219.5 232.4
3 134.1 115.4 99.9 197.5 190.4 237.0 182.4 194.7 205.8
4 89.7 127.6 103.3 196.7 187.9 230.9 - 203.6 215.0
5 115.7 - 91.2 186.7 194.7 237.4 168.6 234.9 -
4.2.3 Microscopy
All microscopy samples were prepared in Buehler KonductoMet thermoset 1.25" pucks
processed at 150° C. The samples were ground to P4000 grit and polished using a minimum
of 3 µm diamond suspension. All samples that were analyzed in an electron microscope
were polished further to 1 µm and 0.5 µm for 8 minutes each. The EBSD samples were











0.05 µm colloidal silica suspension (Syton HT-50).
In all cases except EBSD, the polished samples were etched with either LePera’s etchant
or Modified LePera’s etchant. LePera’s etchant is a solution of 1 g sodium metabisulphate
(Na2S2O5), 4 g picric acid, 100 ml ethanol and 100 ml de-ionized water [84]. In this case,
the modified LePera etch is a process in which the sample was etched for 10 seconds in
LePera’s etchant, thoroughly rinsed, etched in 2% nital, rinsed with ethanol, and then
dried. The LePera etchant is an anodic surface layer etch that reveals martensite (white),
ferrite (tan), bainite (black) by etching them at different rates [84,85]. A main pitfall of the
etchant is that it does not strongly etch grain boundaries; while the common etchant nital
does. The modified LePera etching process uses the main ingredient in the LePera (i.e.
picric acid) as a pre-etchant to delineate ferrite and carbides, and then nital to highlight
the grain boundaries [86].
A variety of light optical and electron microscopes were used in this analysis. The
Light Optical Microscopy (LOM) used was a VHX 6000 at McMaster University, Leica
DM4 and Zeiss Axioscope at ORNL. The electron microscopes used were a JEOL 6610 at
the Canadian Center for Electron Microscopy (CCEM), Hitachi s4800 with EDAX Octane
Elec EDS at ORNL (High-Temperature Materials Laboratory – HTML facility), and a
TESCAN MIRA3 FE-SEM with Oxford EBSD at ORNL (LAMDA facility) as well.
4.2.4 Hardness Testing
The hardness testing machine used was the Leco AMH55 LM110 equipped with Vickers
microindentation. The Vickers Pyramid Number [HV] was measured using 300 gf and
either 16, 20 or 25 indentations per data point presented. The spacing of the indentations
was at least 2.5 times the average Vickers diagonal measurement, as specified by ASTM













To gain an understanding of how the material behaves mechanically for each print pattern,
each print pattern must be mechanically tested. The technique used to do this was tensile
testing under DIC analysis. The main focus of the experiment was to study the UTS and
YS for each print pattern to determine if there are statistical differences or if they are
effectively the same. The load data was measured by the load-sensor and the displacement
was tracked using DIC. From there the DIC was used to analyze the location-specific strain
to determine if the print pattern was causing something not captured by the global stress-
strain curve. DIC was also able to illuminate differences in Lüders band formation and
travel.
The naming convention is best understood with reference to Figure 4.8. When referring
to a specific sample, the naming convention is as follows: "Print Pattern No." - "Column
No." - "Row No.". The column numbers increase moving away from the middle of the
sample and the row numbers increase moving from the top of the block toward the bottom










5.1. Ultimate Tensile and Yield Strength
2 would be PP2-1-2, or 2-1-2. If a number is excluded from the name and replaced with
a variable, it means that it encompasses all of the samples that fall in that category. For
example, PP2-3-x means all of the samples in the third column of print pattern 2, or
PP3-x-4 means all of the samples in row 4 of print pattern 3.
5.1 Ultimate Tensile and Yield Strength
As stated in Chapters 1 and 2, there is conflicting and somewhat incomplete results about
the strength and the location within the print, while the group at MDF seems to show a
potential correlation. Figures 5.1 to 5.3 plot the Ultimate Tensile Strength (UTS) measured
in this work in light blue and the Yield Strength (YS) in dark blue for the three print
patterns. The YS in this study is the upper yield strength, but for simplicity, it is referred
to as simply the yield strength. A disclaimer should be made about two missing data points:
there is no data for sample PP2-1-5 because of an issue in machining, whereby the sample
was inappropriately removed from the block and there was not enough room for machining.
Also, there is no data for sample PP3-3-5 because the specimen was accidentally crushed
in the tensile testing machine.


































































Figure 5.1: UTS and YS data for PP1.
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Figure 5.2: UTS and YS data for PP2.


































































Figure 5.3: UTS and YS data for PP3.
within each column. The UTS and YS for all samples closest to the build plate (i.e.
PPx-y-5) increase in strength from the top of the build (ie. PPx-y-1) towards the bottom.
This effect is seen in columns PP1-1-x, PP2-1-x, and PP3-1-x. In the rest of the columns,
the first sample (i.e., PPx-2-1 or PPx-3-1) UTS is marginally larger than the second, and
roughly equal to the sample in the third row (i.e. PPx-2-3 or PPx-3-3), creating a parabolic
feature. While the YS generally follows the same trend as the UTS, the YS for PP1-2-x,
PP1-3-x, PP2-2-x, PP2-3-x follows the same pattern as the UTS and YS as in PPx-1-y.
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Figure 5.4: UTS and YS averaged over all samples for each print pattern within each column. The solid





















Rows - YS and UTS
YS
UTS
1 2 3 4 5
Print Pattern 1
1 2 3 4 5
Print Pattern 2
1 2 3 4 5
Print Pattern 3










5.1. Ultimate Tensile and Yield Strength
The approach of analyzing the data based on each print pattern provides a bias for the
reader to seek out differences across print patterns that may not be immediately apparent.
It is important to not fall into the assumption that there are inherent differences between
the print patterns, prior to analyzing the experimental results. Figures 5.4 and 5.5 show
the same data as in Figures 5.1 to 5.3 but plotted on the basis of columns within each
print. Figure 5.4 shows the strength averaged over each column in the respective print.
Figure 5.5 shows the strength averaged over each row within the respective print. There
does not appear to be any pattern across the columns for all the print blocks. In PP1,
the strength is lowest in column 2, then slightly higher in column 3 and highest in column
1. Whereas in PP2, the highest strength occurs in column 2. In PP3, the strength is the
largest in column 1 and gradually decreases as the samples move towards the outside of
the print block.
On the other hand, there is a distinct trend that is observed across the rows for all three
print patterns. The UTS trend seems to follow a The UTS closest to the top surface of
the print block (i.e. PPx-y-1) is within error of the second row (i.e. PPx-y-2), marginally
smaller than the third row, and the strength increases to the maximum UTS at the bottom
of the print (ie. PPx-y-5). This is the same parabolic shape that was observed in some
of the non-averaged rows. Another important distinction is that PP2 and PP3 experience
the lowest yield strength at the surface and increasingly higher YS towards the bottom.
It is interesting to note that the YS does not follow the same parabolic pattern. The
only odd set of data is the YS between the second and fourth rows of PP1 (PP1-y-2 to PP1-
y-4) where it does not seem to follow any pattern seen before. The YS in PP1 increases
from row 1 to row 2, then decreases to row 4, and finally reaches a maximum at row 5.
While the row and column patterns do not generally share the same trends, they do show
that there is no statistical difference in the ‘overall strength’ between print patterns. The
average strength for entire print blocks PP1, PP2, and PP3 is 510 ± 5.90 MPa, 506.8 ±
6.09 MPa, and 506.7 ± 8.52 MPa, respectively. This shows that while there may be specific










5.2. Yield Point Phenomenon
strength at this scale.
5.2 Yield Point Phenomenon
The strength of the material is an important parameter to discuss, but a closer analysis
of the actual stress-strain curve is needed to gain a more complete description of the
mechanical behaviour. It is common in low carbon steels to experience heterogeneous
deformation by means of the Lüders or the Portevin-Le Chatelier (PLC) effect. The latter
describes the interactions between mobile dislocations and diffusion of solutes while the
former (the one investigated in this thesis) is a result of mass transport by the unpinning
and pinning of dislocations in the presence of carbon interstitials (Cottrell environment)
[88]. The Lüders effect, also known as the yield point phenomenon, manifests as bands (i.e.
Lüders bands) that form at angles between 45° and 70° within the plastically deforming
material. The bands can appear as multiple bands but more commonly as one flat band
whose front moves in the direction of the tensile stress. The deformation on the ‘inside’ of
the band is a combination of shear and normal plastic deformation while the material on
the ‘outside’ is still in the elastic regime [89]. A diagram showing the progression of the
bands and their relationship to the stress-strain curve is shown in Figure 5.6.
Using Figure 5.6 as a guide, one can observe similar behaviour in some of the samples
shown in Figures 5.7 to 5.9. It is clear that while the vast majority of samples experience
some form of Lüders band formation, there are differences between the degree to which
these bands form. In each of the print patterns, the data for the elongation is measured
using an extensometer; therefore, the strain is calculated using the entire gauge length of
the sample. The strain calculation for columns 2 and 3 across all print patterns is collected
from DIC and is strictly within the mild steel region. The reason for this is because Luüders
bands do not form in the SS – using this gauge length would provide skewed results. The
differences in gauge length contribute to differences in the Youngs Modulus for the different































Figure 5.6: Schematic showing the progression of Lüders bands and its relationship to the stress strain
curve. The locations 1, 2, 3 are the bargaining, middle, and end of the yield point phenomenon.
(adapted from Schwab et. al. [89])
looking at the change in strain from point 1 to point 3.
From visual inspection of Figures 5.7, 5.8, and 5.9, it is clear that PP1 experienced
a far shorter Lüders strain than both PP2 and PP3. After the upper yield strength was
reached, the stress reduced to the lower yield strength and almost immediately increased in
a regular strain hardening fashion. In contrast, PP2 and PP3 demonstrated a clear stress
plateau (with some variation) for every sample.
Once again, an aggregate view of this data is important to understand exactly what
was occurring. Figure 5.10 shows that the Lüders strain within PP2 (ε2L = 1.48×10−2) and
PP3 (ε3L = 1.23×10−2) was 2.5 to 3 times larger than that of PP1 (ε1L = 5.0×10−3). The
Lüders strain in PP2 was also larger than that of PP3 for each column. There were no
observed trends in the data regarding each column. While it may be said that the Lüders
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Figure 5.7: Yielding region for all samples in PP1. The rows and columns are presented as located in
the print block. The extensometer length for column 1 is the entire gauge length whereas the
extensometer length for columns 2 and 3 are only in the MS section.
5.3 Localised Strain Effects
The Lüders effect is usually studied in homogeneous materials, such as sheet steels and
cold rolled steels [90]. The strain represented on the stress-strain curve is the change in
length over the entire distance of the digital extensometer; therefore any local strain effects
are averaged out and ultimately lost. DIC captured the strain at each pixel subset for each































Figure 5.8: Yielding region for all samples in PP2. The rows and columns are presented as located in
the print block. The extensometer length for column 1 is the entire gauge length whereas the
extensometer length for columns 2 and 3 are only the MS section. Data for PP2-1-5 does not exist
due to an error in machining.
5.11 shows the translation in the 2D strain maps to the 1D stress-strain curve. While the
stress-strain curve may show the presence of Lüders bands, it would not show any small
localized strains. Strain map a) and b) in Figure 5.11 shows that there exists a small, but





























Figure 5.9: Yielding region for all samples in PP3. The rows and columns are presented as located in
the print block. The extensometer length for column 1 is the entire gauge length whereas the
extensometer length for columns 2 and 3 are only the MS section. Data for PP3-3-5 does not exist
due to an error in mechanical testing that lead to crushing the sample.
not continue to grow as one may expect. Instead, Lüders bands form further down very
rapidly and eventually eclipse the strain formed close to the interface.









































Figure 5.10: Average Lüders strain for columns 2 and 3 only of each print pattern.
subset in the middle of the sample was extracted for certain time steps. The time steps
analyzed for each sample were slightly different, but in general, it starts before any plastic
deformation was observed and ends at the first instance of Lüders bands were seen (roughly
image c in Figure 5.11). This results in approximately 20-25 time steps around the upper
YS (4-5 seconds).
The graph at the top of Figure 5.12 shows this time-stepped strain data of Figure 5.11
discretized as discussed above. The bottom line of the graph represents the first time step,
and the top line represents the last – all the lines in between are equally spaced. The
x-axis units are in millimetres with the origin centred at the MS-SS interface. Only a small
portion of the SS is shown because it does not undergo any deformation different than
what is shown in the first 5 mm. Recall that the gauge length of the specimens was 45 mm
long, so the MS portion was approximately 22.5 mm long (measured from the interface).










5.3. Localised Strain Effects
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a b c d e f g h
Figure 5.11: An example of the correlation between the stress-strain curve and the localised strains
within the sample calculated by DIC. The first three strain maps to the left of the stress-strain curve
are the xx component (compression) of the strain. The strain maps on the bottom are the yy
component (tension) of the strain. This is taken from the DIC analysis of PP1-1-1. The dashed line
represents the interface between the SS (top) and the MS (bottom).
occur in the area of the tensile sample that is curved due to stress concentrators.
In the top graph of Figure 5.12, there is a small bump in the bottom-most lines between
0 and 5 mm which is larger than other deviations seen in the rest of the sample. This is
the same localized strain that was observed in Figure 5.11a. There is then a sharp increase










5.3. Localised Strain Effects
Looking through the rest of the samples for this data set, PP1-1-3 also clearly shows similar
behaviour of the small interfacial localized strain occurring in the 0-5 mm region of the
specimen. PP1-1-2 shows an extremely small local strain, PP1-1-4 shows nothing other






Figure 5.12: Small strain behaviour for each row within PP1 column 1. The blue line represents the
first time step (image no. 35), and the red represents the last time step (image no. 55).
Table 5.1 highlights all of the samples that seem to exhibit the small interfacial localized
strains that appear before the occurrence of Lüders bands. This data is collected visually
from Figures A1 to A9, which are provided in the Appendix. Another method to verify
this data is subtracting the last time step from the first time step to see if any sections
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but is slightly more quantitative.
Table 5.1 shows that PP2 experiences more localized interfacial strains (9 in total) than
PP1 (5) and PP3 (4). The other important metric is that aside from PP2-2-1, all row 1
samples experience some of this localized strain behaviour (88%). Rows 2 through 5 show
the decreasing number of occurrences of the localized strain, 66%, 33%, 11%, and the final
row having no instance of the phenomenon. It is also interesting to note that nowhere
does the localized strain ‘skip’ a row, meaning that if there is no localized strain in the row
above the tested sample there is none on any samples below.
Table 5.1: Presence of localized interfacial strains. The checkmarks represent the samples in which it is
perceived that there is some localized strain that occurs before the presence of Lüders bands. The
question marks are there to show which samples do not have DIC data to be analyzed for this
experiment. All other blank areas represent samples that do not show an instance of localized
interfacial strain.
Row No. PP1 PP2 PP3
Col 1 Col 2 Col 3 Col 1 Col 2 Col 3 Col 1 Col 2 Col 3
1 ! ! ! ! ! ! ! !
2 ! ! ! ! ! !
3 ! ! !
4 ? !
5 ? ?
In summary, there have been some interesting trends observed in the strength and
mechanical behaviour of these samples with regards to their location within the print as
well as the effect of the print pattern itself. In general, the print pattern does not seem
to have a statistical effect on the strength of the material, but the location does. Samples
closest to the build plate are stronger in both UTS and YS while decreasing moving away
from the build plate. This is true until the final sample closest to the top where there is a
small spike in strength.
The yield point phenomenon is observed in almost all of the samples and the print
pattern does affect the extent of the Lüders strain. PP2 has a larger Lüders strain than










5.3. Localised Strain Effects
second column than the third. The error bars are relatively large, so while this is an
interesting observation it may not be statistically accurate. There is no reliable trend
observed with regards to the effect of the row placement on the Lüders strain.
Lastly, there are localized interfacial strains that are more probable to occur closer to
the top of the print block, which is the last material to be printed. This is seen as an
average across all the samples and to a lesser extent within each print pattern. PP2 shows
a larger degree of localized interfacial strain at 9 occurrences, while PP1 and PP3 show
only 5 and 4 respectively. The next chapter of this thesis will analyze the microstructural













To understand what is occurring at a more fundamental level, it is important to analyze
the microstructure to see if it can provide any insight into the phenomenon seen in the pre-
vious chapter. The techniques used in this section are: Light Optical Microscopy (LOM),
indentation hardness testing, Scanning Electron Microscopy (SEM), and Field Emission
Scanning Electron Microscopy (FE-SEM). Both SEM and FE-SEM will be referred to
simply as ‘electron microscopy’ as there is no practical difference as far as this study is
concerned. A list of the specific equipment and procedure that was used are listed in
section 4.2.3 and 4.2.4. As a note, different microscopes were used at different times, so
the colouring and level of detail may appear different. The type of microscope will not be
specified for sake of brevity, but rather whether it is LOM or SEM.
As shown in Figure 4.8, the samples used for this set of inquiries are the samples in
the middle of the block labelled in between the tensile samples as SEM-EDS. Similar to
the tensile testing naming convention the samples increase in number moving towards the











the numbering system will be simply referred to by the print pattern, whether EDS was
employed (amongst other things like LOM and SEM) and the row number (i.e. PP3-eds-2
is the second microscopy sample in the third print pattern and EDS was used).
6.1 Optical Microscopy
As an orientation guide to the microscopy analysis, Figure 6.1 shows a micrograph of PP1-
eds-1 in the yz plane and the xy plane. The xy plane is parallel to the build plate - that is
to say that this plane coincides with each layer. The xz plane that cuts the block directly
in half in the vertical direction is the plane that was referred to earlier as the interfacial
plane. Finally, the yz plane is the plane that is perpendicular to the build plate and the
interfacial plane. A large focus of this thesis was placed on the study of print geometry
effects, as such all microscopy images are of the yz plane. Each image, therefore, includes
multiple print layers of both the MS and SS.
Figure 6.2 shows a snapshot of the interfacial region of the top, middle, and bottom of
each print. The etchant used in these images is LePera’s etchant and the samples were
etched for 15 seconds. Using Figure 2.1 as a guide for analyzing the microstructure, it is ap-
parent that the microstructure shown in Figure 6.2 is far from uniform. The most apparent
feature is the stark white on the right side of each micrograph; this white area represents a
martensitic microstructure. Considering that AISI 410 is a martensitic stainless steel, this
characterization makes perfect sense.
The next most obvious pattern is the difference between PP1 and that of PP2 and PP3.
In PP2 and PP3, the microstructure is the same general shape as the schematic in Figure
2.1, whereby the welding path is coming in and out of the yz plane. Therefore the welding
paths in PP2 and PP3 are parallel to the interfacial plane xz. Similarly, the images of
Figure 6.2a show a normal view of the weld as in this case the welding path is normal to











Figure 6.1: 3D representation of the interfacial region. On the left is the mild steel, on the right is the
stainless steel.
steel; therefore, the direction of the welds cannot be made immediately clear.
While the grain morphology in PP1 looks relatively uniform from left to right within
the MS, the same cannot be said for PP2 and PP3. Due to the direction of the weld path,
PP2 and PP3 show two to three weld beads from left to right. The left-most weld beads
of Figure 6.3 show annealed columnar grains with growth normal to the edge of the FZ.
Acting on the assumption that the weld pool is a hemisphere, the direction of heat transfer
is predominantly in the radial direction. Knowing that columnar and dendritic grain
growth occurs in the opposite direction of heat flow, this confirms the original statement












Figure 6.2: Micrographs of a) PP1, b) PP2, and c) PP3 where ‘1’ refers to the top most sample of each
print. In sub-figures b) and c), the final image is the very bottom most of the sample, whereas in
figure a) it is the second last. The last sample (PP1-eds-6) shows the same morphology as PP1-eds-5,
but has a smaller field of view so this was chosen instead. PP1-eds-6 can be found in the appendix as
Figure A10
act as a directional indicator and will be drawn upon later on.
The slightly darker outlined regions in the left-most grains in Figure 6.3 are prior austen-
ite grain boundaries where allotriomorphic ferrite now resides. The inner portion of the
grains contains mostly a secondary Widmanstätten ferritic microphase. The degree of al-
lotriomorphic ferrite growth within the grain decreases from the top left to the bottom











Figure 6.3: Cropped image of PP2-eds-1 found in the top-most image of Figure 6.2b. The grain
morphology changes from deeper within in the bulk of the sample moving towards the layers near the
interface shown here. From this image alone it is not possible to exactly determine which weld paths
are going in and which are going out of the page.
growth.
The slightly lighter bands that run perpendicular to the columnar growth direction were
the unexpected results. While the UMZ, PMZ, and HAZ are bands that form co-axially
around the FZ, in Figure 2.1 these bands form inside the fusion Zone. Therefore, they
must be something other than the traditional grain structures discussed in section 2.1.
The weld pools adjacent to the SS interfacial plane differ in the degree of segregation of
the columnar grains. The allotriomorphic ferrite growth on the prior austenite grains is
significantly reduced, where segregation within the microphases is less prominent, and the
colour of the overall weld pool is lighter (the co-axial bands included). Looking specifically
at PP2-eds-1 in Figure 6.3, the colour of the solidified weld pool directly below the top-left
most bead is also a different colour and lacks the white bands.
In order to better organize the data, the interfacial region was divided into three Zones.
The first Zone is anything past the 5 mm mark into the MS, which is assumed to be bulk
material. Zone 2 is the region of the MS that has direct contact with the SS. Within PP2











designation given to the area within each of the ‘spikes’ that criss-cross the interface (the
rightmost region of the region). This is approximately the first 1 mm area from the centre-
line of the interfacial plane. Zone 2a is the region towards the back of Zone 2; this is once
again approximately 1 mm from the back of the area. Finally, Zone 3 is the martensitic
stainless steel region. Because of the jagged nature of the various areas, it should be
noted that there are times where the various microstructures can overlap. The above zonal
designations will also be used for PP1 for consistency and comparability. The next sections
will investigate the microstructure of each of the Zones for each print pattern using LOM.
Figure 6.4: PP3-eds-1 micrograph depicting the 3 microstructural Zones. The micro-indentation blocks
are located approximately in the middle of each Zone, these are the distances shown. These same
regions and distances are the same for each optical images.
6.1.1 Optical Microscopy of Zone 1
Once again referring to Figure 2.1b, when multiple welds occur over the same area various
microstructures form. Figure 2.1b shows that both large-grained and small-grained recrys-
tallized regions can form as a result of the HAZ passing over a previous FZ. Figure 6.5a
shows an example of both of these types of phases occurring within the first Zone. The
top left of Figure 6.5a is the coarse-grained HAZ (CG HAZ) and the region beneath is the
fine-grained HAZ (FG HAZ). When referring to coarse or fine grains, one is referring to
the size of the prior austenite grains, not the size of the grains that have grown within.
The CG HAZ contains allotriomorphic with small amounts of acicular ferrite and what is











colonies. Figure 6.5b of PP2 Zone 1 shows a similar scenario, but in this case, the FG HAZ
shows a region polygonal ferrite with varying amounts of pearlite.
Repeated thermal cycling of various areas with the bulk portion of the mild steel,
without subsequent heat treatments, produced microstructures consisting of alternating
regions of coarse-grained allotriomorphic ferrite (and microphases) along with fine-grained
polygonal ferrite and pearlite – this result is supported by the findings by Sridharan et.
al. [91]. The predominant phases exist as polygonal ferrite with bands of pearlite, as shown
in Figure 6.6. The main growth direction for this specific location is up and to the left. A
small sample can be seen in the bottom left that shows a different grain direction, which
is most likely a different weld bead area.
(a) (b)
Figure 6.5: a) Top-left area is a mixture of acicular ferrite and on the right, allotriomophic ferrite with
small pearlite islands. b) Top-left is polyonal ferrite with no pearlite colonies, bottom right is the same
but etched differently due to orientation. The etchant used for both images is 2% nital and LePera’s
etchant.
While the exact location of these different morphologies within Zone 1 of print patterns
1, 2, and 3 may differ, the material overwhelmingly consists of allotriomorphic and polygo-
nal ferrite and therefore contributes substantially more to the overall strength of the area.











Figure 6.6: Fine grained HAZ that occupies the most space within Zone 1 bulk. The structure is refined
polygonal ferrite with bands of large pearlite colonies
6.1.2 Optical Microscopy of Zone 2
The second Zone has two areas as mentioned previously: Zone 2a and Zone 2b. Generally
speaking, the grain structure is shown in Figure 6.5a gradually changes from larger grain
size to the extremely refined grain structure of Zone 2b shown in Figure 6.7a. The dark
line running diagonally through Figure 6.7a is the interfacial plane separating SS and MS,
with the white region being SS. It is clear that the size of acicular ferrite needles is far
smaller closer to the interface and smaller than those in Zone 2a. Unlike the acicular ferrite
seen in other images, no allotriomorphic ferrite exists close to the interface of SS.











abruptly between melt pools. Figure 6.7b is a region in PP2 of two overlapping mild steel
weld beads. The austenite grains appear of similar size on either side of the transitional
region between Zone 2 and Zone 3. The region in the left portion of the image resembles
allotriomorphic ferrite with intragranular idiomorphs and plates alongside each other. The
area on the right shows bainite plates and small amounts of acicular ferrite that has formed
within. Both bainite and acicular ferrite grow by the ejection of carbon into the austenite;
therefore, as the bainite travels further into the grain, it suppresses the ability for ferrite
to form [41]. This is most likely the explanation for the small weight fraction of acicular
ferrite.
(a) (b)
Figure 6.7: a) Acicular ferrite and nucleation sites at the MS-SS interface for PP1 at 500x. b)
Transition region between two melt pools in PP2. Left is allotriomorphic ferrite with intragranual
plates, the right is mostly bainite an some acicular ferrite at 500x. Both samples were etched in 2%
nital and LePera etchant.
While Zone 2b in PP1 contains mostly acicular ferrite, Zone 2b for PP2 and PP3 do
not seem to experience the same phenomenon. Figure 6.8a shows the interface between
MS and SS with MS on the left. The outline of the prior austenite grains and bainite
sheaves are clear. There are many nucleation sites, which will be discussed in the next
section, there does exist some acicular ferrite, but the vast majority of Zone 2b is bainite.
The boundary between MS and SS is slightly darker than the rest of the sample. As nital











occurred at the PMZ between these two metals in all print patterns.
(a) (b)
Figure 6.8: a) Bainitic grains and prior austenite grain boundaries in the MS (dark) with martensite in
the SS (light) at 500x. b) Higher magnification region of the mild steel in the MS-SS interface for
PP3. Both samples were etched in 2% nital and LePera etchant.
As discussed at the beginning of this chapter, using colour LOM showed some lighter
bands in the direction normal to columnar grain growth. When using LePera’s etchant
on mild steels, the colours can represent a variety of phases (e.g. martensite/austenite
(white), ferrite (tan), and bainite (dark brown)). As expected, the SS in the bottom right
corner is completely white, which represents martensite. There are significant portions
that are stained light brown, which agrees with the bainitic assessment presented earlier.
Contradictory to this observation is the tan and white colours that appear in bands perpen-
dicular to the interface. The colour scheme indicates that this is either retained austenite
or martensite. The bands do not exist in a shape typical for martensite in a weld pool. The
bainitic growth in the areas adjacent to these bands means that it is unlikely that there
would be this much retained austenite. The grain size in these areas is marginally larger
and less lenticular, which suggests refined polygonal ferrite with pearlite colonies. If that
is the case, then the white colour of the ferrite grains does not match with the expected











Figure 6.9: Light coloured bands from LOM that appear to originate at the MS-SS interface in PP2.
6.1.3 Optical Microscopy of Zone 3
In a similar way that Zone 1 contains areas that alternate morphology, Zone 3 has a
similar effect, but to a less dramatic degree. Figure 6.10 shows Zone 1 for a/b) PP3
and c) PP2. Figure 6.10a shows a solidified weld pool at the MS-SS interface with the
previous and subsequent ones above and below. The top of the bead shows significantly
tempered martensite, which indicates that is the HAZ from the weld above as well as the
MS weld from the left. The bottom of the edge of a weld shows a combination of tempered
martensite alongside untempered martensite. To the right of the weld, there is martensite
with a significantly smaller fraction of tempered areas, which is most likely occurring on
the prior austenite grain boundaries. Figures 6.10b and 6.10c are both examples of the













Figure 6.10: a) Interfacial region in the SS showing three different areas of tempered martensite at 50x,
b) Gradual transition between weld pools in SS for PP3 at 50x, c) PMZ for two weld beads in PP2 at
200x. All samples were etched in 2% nital and LePera etchant.
6.2 Hardness Testing
An analysis of the hardness between these different Zones will indicate whether or not
the analysis in section 6.1 matches with the material properties of the microstructures
proposed. The x-axis in Figure 6.11 is divided into the same Zones 1, 2a, 2b, and 3. While
each of the Zones represents an area, the values given are averaged over approximately











points. To re-iterate, Zone 3 is 450 µm to the right of the MS-SS interface, Zone 2b is
450 µm to the left of the MS-SS interface, Zone 2a is 4300 µm to the left of the interface,
and Zone 1 is approximately 7000 µm to the left of the interface. The distance between
the labels on the x-axis is not to scale. The error bars in the figure are the standard error
with a 95% confidence interval. The number to the right of each data point represents the
sample number location with 1 being at the top and 6 being at the bottom (in a similar
fashion to the tensile specimens).
(a) (b) (c)
Figure 6.11: Microhardness profiles across the three different microstructural Zones for each print
pattern. Each data point consists of either 16, 20 or 25 data points and the error bars are the
standard error of the sample.
The hardness values in Zone 3 are relatively consistent throughout the three print pat-
terns in the range of 350 HV to 400 HV. Comparing this to the traditional heat treatment
data for 410 SS in Figure A12, this correlates to a similar hardness value if tempered at
500 °C. Considering the significantly tempered martensite seen in Figure 6.10, this cor-
roborates well. Anecdotally, while the block was being printed, a thermal camera was
recording, which showed that many sections of the block were re-heated and sustained at
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understanding the thermal history of the material properties.
Print pattern 1 shows a steady increase in hardness from Zone 2a to Zone 2b, which is to
be expected as the grain size decreases (Hall-Petch relationship) and some of the polygonal
ferrite is expressed as harder acicular ferrite. While this trend may generally be true for
PP2 and PP3 as well, the obvious distinction between the two is the large spread in data
for PP2. The hardness values (while having a low error) vary greatly from one layer to the
next. This is reflected in the highly variable microstructure – some areas have larger grain
sizes than others, some have acicular ferrite where others have upper bainite.
Lastly, Zone 1 has similar hardness across the print patterns between 150 HV and 200
HV. Interestingly enough, PP1 is on average marginally harder than PP2 and PP3 (on
average), which is reflected in the marginally higher UTS and YS in Figure 5.4. This is not
proven statistically to be a direct relationship but is noted nonetheless. On the other hand,
the very clear trend of increasing UTS and YS value from top to bottom is not reflected
in the hardness of Zone 1. Across all the Zones in all the print patterns, there does not
seem to be any trends regarding hardness within the column.
6.3 Scanning Electron Microscopy
SEM was utilized for microstructural information that could not be deciphered by LOM,
along with EDS for compositional analysis. As SEM was used as a method to gain more
information in the area of interest, the stainless steel region was not investigated further.
6.3.1 Energy-Dispersive X-ray Spectroscopy
A common feature across all print patterns is the inclusions that are generated within the
MS. The EDS maps on the right of Figure 6.12 show a precipitate where the top left side of
the precipitate contains MnS and the bottom right contains significantly less manganese,
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their morphology in Si-Mn low alloy welding steels [92]. In this study, the precipitates are
approximately 2-5 µm in diameter and consist of some combination of MnS and MnO-SiO2
depending on the cooling rates. Kim et. al. state that for precipitates between 2-5 µm,
the cooling rate of the material is (at maximum) 50 °C/min, whereas the cooling rate must
be near 300 °C/min to achieve ≈ 0.5 µm radius precipitates [92], which was also observed
in this work as shown in Figure 6.12. The morphology of the precipitates is segregated
MnS and MnO-SiO2 phases that exist within the same particle. Figure 6.12 shows the
same type of segregated morphology with the MnS highlighted in white and the MnO-




Figure 6.12: (MnS)(MnO-SiO2) precipitate. The EDS compositional data was used to compare the
segregation against the work by Kim et. al. [92]
An area where SEM can provide major insight is the white bands that exist in each
solidified weld pool. It was shown earlier that the bands are not part of the HAZ that
exist within the weld pool, and that they are organized slightly differently depending on
the print pattern. The image on the left of Figure 6.13a is a LOM image of an area at the
bottom of a weld bead in PP2-eds4. This location was chosen because it is a more acute
example of the banding effect. The image on the right of Figure 6.13a is an EDS map
of the same area. The colour scheme is a contour map of the concentration of chromium
where blue is approximately 2% and red is 20%. An important point of clarification about
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of a specimen. A more detailed explanation is provided in the Appendix. As one can see,
the scale in Figure 6.13a goes all the way to 20%, but in reality, the EDS measurements
can incur significant error and this is not realistic. The average of the data does not exist
any higher than ≈13 wt% Cr.
On the other hand, EDS can be an effective tool to determine qualitative trends in
concentration profiles for a select number of species, as shown in the example above. It
is abundantly clear from the EDS map in Figure 6.13a that the areas of lighter banding
have significantly higher chromium concentration. While it is not possible to tell what the
exact composition is, the trend from these measurements is clear nonetheless.
This EDS map analysis begs one to consider if the composition is also print pattern
dependant. This can be investigated in a similar way to the white banding problem. In
this case, the composition of chromium was recorded along a single line that traverses the
interfacial region. For Figure 6.13b and 6.13c, data points were collected for 500 ms at 5 µm
intervals with an electron beam voltage of 15 kV. Due to the high level of noise in the data
during the measurement, the plot in Figure 6.13b and 6.13c is a simple moving average with
a period of 5, or in other terms over a span of 20 µm. This removes the local fluctuations in
the EDS sampling. For the ease of reading, whenever the concentration is mentioned, it is
assumed that these are approximate values and thus are only self-consistent. The location
of the x-axis in Figure 6.13 corresponds directly to the location that the EDS line scan was
measured. The y-axis is the concentration of chromium in weight percent (wt%).
In Figure 6.13, PP1 and PP2 have significantly different chromium concentration pro-
files. It is clear in both plots that the concentration of chromium in the SS is between
10 and 12 percent and immediately drops once in the MS (but not to zero). In PP1, the
chromium concentration drops sharply to 2% and then over the range of 5500 µm gradually
decreases to 1.2%. In contrast, the chromium concentration in PP2 drops initially to 3.5%
and then held constant throughout that bead. In the small portion of the bead to left the
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in PP1 dropped to 1.2% in 6000 µm, in PP2 the Cr wt% dropped to almost half of that
in two-thirds the distance. PP3 is not shown in this example because it demonstrates
consistent behaviour as PP2.
(a)
(b) (c)
Figure 6.13: a) LOM image of the white bands, adjacent to the same area overlapped with EDS map of
chromium weight percent. The x-axis (in µm) for both b) and c) is overlaid on the physical line of the
EDS line scan representing the weight percent of chromium.
6.3.2 Electron Microscopy and Electron Backscatter Diffraction
More detailed investigations of the different microstructures of ferrite are shown in Figure
6.14 via SEM. The use of LePera creates a relief of the ferrite needles and leaves behind any
martensite or austenite. Using this guide and the knowledge of the morphology of both
Acicular Ferrite (AF) and Baintite (B), Figure 6.14a shows acicular ferrite and Figure
6.14b shows bainite. In Figure 6.14a the (MnS)(MnO-SiO2) is outlined as well as these are
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The string Martensite-Austenite (MA) forms in between both the bainite lathes and the
ferrite needles where carbon is built up due to the solute rejection into the austenite
during growth. In addition to the more common string MA, the bainitic regions exhibit
significantly more block MA between the sheaves than is present in AF. While this may not
be of large significance in this thesis, it is critical to the understanding of toughness [91].
(a) (b)
Figure 6.14: Scanning electron microscopy images of a) AF with (MnS)(MnO-SiO2) nucleation sites in
Zone 2a of PP1-eds4. The majority of the micrograph is AF but stringer MA is outlined o highlight
differences. b) Differentiation between MA and UB in Zone 2b of PP1-eds4
While SEM is a more detailed tool for observing microstructures, it is not a quantitative
tool. In the previous paragraph, the martensite and austenite were lumped in as one phase.
These phases cannot be differentiated using the techniques of etchants and LOM. Recall
that the crystal structure for austenite is face centred cubic (FCC), martensite is body-
centred tetragonal (BCT), and ferrite is a body-centred cubic (BCC). It has been well
documented at this point that MA exists between the ferritic needles and bainitic lathes.
Figure 6.15 is an EBSD map showing the phase of each grain: BCC in green, FCC in
red, Fe3C in dark blue, and MnO-SiO2 in cyan. The crystal symmetry space groups using
Hermann–Mauguin notation are m3m, m3m, mmm, and 12/m, respectively. In the same
way that Figure 6.13a is a chromium concentration map, the small image in Figure 6.15 is
as well. This is the same area as the larger EBSD phase map but is used as a directional
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the MS. The results for the phase fraction (by area) for this image are as follows: BCC -
94%, Fe3C - 3.8%, MnO-SiO2 - 2%, and FCC - 0.17%. While there may be some austenite
present, it is small enough to be considered negligible. Therefore, one can conclude that
all of the martensite/austenite that was mentioned previously is entirely martensitic.
As a point of clarification, it was mentioned that the crystal structure for martensite
is BCT while ferrite is BCC but only BCC is shown on the diagram. The formation of
martensite is due to the diffusionless transformation of FCC to BCC during rapid cooling.
The austenite FCC crystal only has one octahedral interstitial site whereas BCC ferrite has
three. When the crystal transforms, only the, shared octahedral sites in the BCC structure
receive a carbon atom, which results in a non-uniform shift in the structure to create the
BCT shape. However, because only one carbon atom is causing the shift, the change in
dimensionality is extremely small. For steel with 0.1 wt% carbon, the ratio in axis lengths
is only 1.0045%. For all intents and purposes, EBSD then treats BCC and BCT iron as
the same phase, which is why it does not appear in Figure 6.15. This does not change the
results discussed above.
Figure 6.15: On the left, EBSD phase map of MS-SS interface for PP1-eds1. BCC - 94%, Fe3C -
3.8%, MnO-SiO2 - 2%, and FCC - 0.17%. On the right, an EDS map of the chromium concentration
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Lastly, the orientation of the grains can be analyzed through the same EBSD method.
Figure 6.16 is the same image as what is shown in Figure 6.15, but the orientation of the
BCC grains is shown with the inverse pole figure to the right. Some small image editing
was done for this image for visualization purposes. Due to a scratch in the sample and
minor contamination, 0.03% was not indexed – these areas were added to the nearest grain.
Any grains smaller than two pixels were also added to the nearest grain. The minimum
angle that is needed to be considered a grain is set at a misorientation of 2.5°. The larger
grains that exhibit subgrain features, were smoothed out so each grain is represented by a
uniform colour.
The EBSD orientation map shows even more clearly the elongated plates of the marten-
site in SS as well as the sharp needles of the acicular ferrite in MS. These two areas show
the smallest grain formation, while the direct middle of the image shows significantly larger
grains sizes than the rest of the image. The area that would correlate to the white bands
(i.e., higher chromium content) are the larger grain regions. Along the interface of MS-SS,
there are significantly larger grains that do not exhibit traditional bainitic or martensitic
structures. While there is some directional anisotropy in regions in Figure 6.16, the anal-
ysis shows that there is no overall grain anisotropy in this region. Now that all of the
results have been analyzed, it necessary to connect the various dots and create a complete











6.3. Scanning Electron Microscopy













The major finding of this research is that while the print pattern plays a critical role in the
local microstructure, it has a statistically negligible effect on the UTS and YS. The only
parameter that was investigated in this study that does affect the strength is the distance
from the build plate. As seen in Figure 5.5 the distance away from the build plate has
the same averaged effect regardless of the print pattern used. The next two sections will
discuss the theories on how the print pattern, microstructure, and yield phenomenon are
related.
7.1 Print pattern and microstructure
As discussed in section 6.3.1, the effect that the print pattern has on the chromium con-
centration within the mild steel is very significant. To reiterate, the welding direction in
PP1 is normal to the MS-SS interfacial plane while the welding direction for PP2 and










7.1. Print pattern and microstructure
Cr wt% drops sharply across the interface but then reduces through Zone 2 into Zone 1
in an asymptotic fashion. The profile for PP2 and PP3 is drastically different – the Cr
wt% reduces step-wise and remains effectively constant throughout the width of the first
weld pool. The EDS line scan in Figure 6.13c runs through three distinct beads and the
three plateaus match accordingly. The other difference is that the distance over which the
Cr wt% decreases in PP2/PP3 is significantly shorter than that in PP1. Alongside this
phenomenon, all three print patterns exhibit chromium bands within the FZ. A possible
explanation for this difference is the convection of the molten metal away from the interface
in the weld pool before solidification.
Benard-Marangoni convection (also known as thermo-capillary convection) is convection
along with an interface between two fluids caused by the gradient in surface tension [93].
In the case of weld pools, the extreme temperature gradients result in gradients of surface
tension throughout the liquid. As convection occurs on the surface, it triggers circulation
within the melt pool due to buoyant forces. The strength of the thermocapillary flow is
determined by the sign and value of the Marangoni number shown in equation 7.1 [93].
The dimensionless number is the ratio of thermal transport to thermal diffusion within a
liquid. In equation 7.1, γ is the surface tension, T is the temperature, Q is the thermal
source term from the arc, Cp is the specific heat at constant pressure, κm is the thermal
conductivity, and µ is the kinematic viscosity [93].
Ma =
∣∣∣∣ ∂γ∂T
∣∣∣∣ Q · Cpκm · µ (7.1)
If Ma is small, then there is little convection and thermal diffusion dominates; however
if Ma is large, convection is driven by the gradient in surface tension [94]. The sign of Ma
determines whether or not convection will occur from the outside edges into the middle of
the weld pool (Ma+) or if convection will occur from the middle to the edges (Ma−) [93].










7.1. Print pattern and microstructure
plasma drag forces create powerful convection currents within the weld pool like in Figure
7.1. Both of the examples below are scenarios where the Marangoni effect is negative and
the fluid is moving from the middle of the weld pool to the edge, down to the bottom, and
back up again.
(a) (b)
Figure 7.1: The Marangoni effect is simulated in weld pools. The lines are vectors showing the direction
of movement of molten metal [14,95].
Figure 7.1, is two simulations from Debroy et. al. [14] and Manvatkar et. al. [95] showing
the temperature gradient and fluid velocity of a moving weld pool with a laser as the heat
input. Both figures show a large, negative Marangoni number as the fluid moves from the
centre outward. The fluid then moves from the edges down to the bottom and back up
again creating multiple convection vortices.
The reason this is significant is that it seems likely that this is the mechanism resulting
in the movement of chromium from the SS into the MS, not simply solid-state diffusion. As
shown in various images, the weld beads of the MS and SS overlap. When the MS overlaps
with the SS the material does not simply disappear, it is melted and redistributed within
the melt pool via Marangoni convection. The welding power is lower for the MS than the
SS, it is possible that the magnitude of the Marangoni number is not sufficient to uniformly
redistribute the more viscous SS in the MS melt pool. This incomplete redistribution could










7.1. Print pattern and microstructure
fields shown in Figure 7.1b. The Marangoni convection would ‘pick up’ material from
the outside edges where SS is located and redistribute them near the bottom of the weld
pool. This is exactly what is seen in the EDS map of Cr wt%. Assuming that this is the
mechanism at play, this explains why PP1 experiences an asymptotic decrease in Cr wt%
where PP2 and PP3 show a step-wise decrease. The weld path of PP1 moves towards the
interface, briefly interacts, and then moves away. The melt pool re-melts a certain amount
of chromium and, because of incomplete redistribution, discontinuously spreads this into
the MS while moving away from the interface. The weld direction of PP2 and PP3 moves
along the entire length of the MS-SS interface. This means that even though the convection
is poor, the larger amount of SS constantly being melted results in a) higher chromium
concentration and b) a relatively even distribution across the weld. This is the same bead
referred to as Zone 2. Then, when the next weld bead passes, it comes in contact with
the Zone 2 bead. Once again, it melts a portion of the bead and redistributes, this time
the melted bead contains less chromium, so the chromium concentration is lower than the
previous. This pattern continues until there is statistically no chromium left. In Figure
6.13c, the C wt% starts at 11% in the SS, then in Zone 2 reduces to 3.5%, then to 2%, then
to 0.75% and presumably so on until there is effectively no chromium left to redistribute.
Using the same arguments outlined above, the beads in Zone 1 and Zone 3 have a
chromium concentration that would be dependant on whether or not the print head is
moving towards or away from the interfacial plane. If the weld path starts at the interface,
then the mechanism described above would occur. If the weld path starts away from the
interface, then the chromium concentration would be very low approaching the interface.
The only chromium in the melt pool would be that collected from the beads underneath,
which is very small. Then, as the final bead is passing through Zone 2 and in contact with
the SS, it would dramatically increase in chromium concentration. Regrettably, there were











7.2. Microstructure and yield point phenomenon
7.2 Microstructure and yield point phenomenon
In section 5.2, the concept of Lüders bands was discussed as virtually all samples experi-
ence an upper yield strength, lower yield strength and then discontinuous yielding. As a
reminder, PP2 exhibited slightly larger Lüders strain (1.48%) than PP3 (1.23%) and much
larger Lüders strain than PP1 (0.50%). While the stress-strain curve was shown alongside
the averaged Lüders strain, a snapshot of the band formation was only mentioned briefly.
Figures 7.2 to 7.4 each shows a strain map of the first instance of Lüders banding, a strain
map of the equalized strain within the plastic region, and a stress strain curve with an
arrow indicating the global strain at which the second photo is taken. The black dotted
line indicates the MS-SS interface. In each sample, the Lüders bands form in a similar way,
where the Lüders front forms at angles of 53.5°, 56.3°, and 50° respectively, they start in
the bottom portion of the sample and move its way upwards toward the MS-SS interface.
This is where the similarities end.
For each print pattern, Zone 2a experiences almost no strain in comparison to the rest
of the MS. The strain increases through Zone 2b, and the beginning portions of Zone 3,
until it is uniform in the bulk plastically deformed region. The strain in Zone 2 for PP1
is significantly different than that of PP2 and PP3. The decrease in strain from the bulk
to the interface for PP1 is gradual, whereas the decrease in strain for PP2 and PP3 is
step-wise. The strain in PP2 and PP3 also decreases in a shorter distance than in PP1.
In Figures 7.3 and 7.4, the step-wise transition regions are highlighted by the dotted line.
These jagged edge patterns perfectly reflect the boundaries between solidified weld pools
shown in Figure 6.2. The pattern of gradual and step-wise increase in strain also perfectly
reflects the chromium concentration across the interface.
It has already been shown that the chromium wt% decreases asymptotically within the
MS and is, therefore, more prevalent, but for a short distance in PP2 or PP3. While the










7.2. Microstructure and yield point phenomenon
53°
Figure 7.2: Lüders bands strain map PP1-2-3. First instance of Lüders banding on the right, and the
equalised strain within the samples at 4.0% global strain.
56°
Figure 7.3: Lüders bands strain map PP2-2-1 - 3.5% global strain.
al. have shown that for up to 2 wt% Cr, the effect of increased Cr is an increase in acicular










7.2. Microstructure and yield point phenomenon
50°
Figure 7.4: Lüders bands strain map PP3-2-5 - 4.2% global strain.
wt% Cr, the effect is then a transformation of the columnar austenite grains into bainite at
the expense of both acicular ferrite and allotriomorphic ferrite, not to mention a reduction
in grain size [97]. This is exactly the result of the microscopic analysis. While the Lüders
front is travelling through the mild steel, it has sufficient shear stress in which to yield
the elastic material in front of it. With the increase in the volume fraction of the stronger
acicular ferrite and bainite phases, the stress state at the Lüders front is no longer sufficient
for yielding criteria, and the movement is stopped. This change in phase is gradual in PP1
(brought on by chromium concentration) and step-wise in PP2/PP3, the arrest of the
Lüders front is gradual in PP2 and step-wise in PP2/PP3.
The explanation for the change in Lüders strain as a function of chromium concentration
then calls into question the nature of the results for the Lüders strain itself. As was shown
in Figure 6.13, PP1 has a longer region into the MS with elevated Cr content. If one treats
this as a hard boundary rather than a gradient, then the argument can be made that the
gauge length of the sample with no chromium (the portion that yields discontinuously)










7.2. Microstructure and yield point phenomenon
Lüders strain. However, the same cannot be said for the differences between PP2 and PP3.
While Figures 7.3 and 7.4 are simply examples, the results for the group are similar. PP2
experiences larger Lüders strains than PP3, therefore the influence here must be on the
effect of the orientation of the print pattern of the stainless steel.
Another mechanism that could be affecting the Lüders strain is the grain size. Johnson
et. al. derived a relationship between the Lüders strain and the grain size of low alloy mild
steels [98]. The research describes the relationship for steels with similar carbon content,
the relationship along with the relationship between the Lüders strains and dislocation














Where m̂ is the Taylor factor, S0 is the dislocation mean free path, b is the burgers vector,
d is the grain diameter, E is the Elastic modulus, k is a constant derived from the Hall-
Petch equation, and α and K are constants. The Lüders strain is inversely proportional
(εL ∝ d−
1
2 ) to the size of the grains. This would imply that the grain size for PP2 and
PP3 is smaller than that of PP1. As discussed previously this could be a result of the
increased chromium concentration in the region adjacent to the interfacial plane. The
increased production of acicular ferrite over allotriomorphic ferrite would therefore also
produce smaller grain sizes. The production of more acicular ferrite would also result in a
shorter mean free dislocation path as shown in equation 7.2. This postulation agrees with










7.2. Microstructure and yield point phenomenon
The relationship between the microstructure and mechanical properties is clear. The
extent of the yielding phenomenon can be directly related to the chromium concentration,
and the print pattern is directly responsible for the chromium concentration profile. As
shown in various studies, and confirmed by this one, an increase in chromium content in-
creases bainite and acicular ferrite. Therefore, the larger the region with elevated chromium













This thesis intended to investigate whether there is an effect of varying print patterns on
the mechanical behaviour of WAAM stainless steel and mild steel prints and if there is an
effect, to quantify its impact. Along with mechanical behaviour, a variety of other aspects
were investigated as well. Knowledge about the thermal history, chromium transport,
and microstructures all were investigated using the lens of different print patterns. The
microstructure and morphologies of the interfacial region were then analyzed to gain insight
into why differences in mechanical behaviours may exist. The material strength and yield
behaviour were analyzed through DIC to examine the deformation at specific locations. A
combination of optical and electron microscopy was used to explore the microstructures
and chemical compositions of various regions. Several key observations can be made from
this research.
While there are specific areas of elevated UTS and YS, the change in print pattern does
not show a statistical benefit of one print pattern over another in terms of strength. Across










is highest in column 1, decreases, then increases again. The strength in PP2 is highest in
column 2 and lower on either side. And the strength in PP3 is also highest in column 1,
but decreases in column 2, and further in column 3. This result is interesting, but there
is no evidence that it is inherent in the print geometry used or if it a result of an external
factor.
Also, irrespective of the print pattern is the relationship between the location in the z-
direction (away from the build plate) and the strength; once again both UTS and YS. It is
clear that strength is at a maximum closest to the build plate and decreases quadratically.
There is evidence to show that the topmost portion of the print block is slightly stronger
than the area directly below.
The print pattern does comes into effect at the micro-mechanical level. The statement
that the Lüders strain is greatest in PP2/PP3 and significantly lower in PP1 is strongly
supported by the evidence presented in section 5.2. The print patterns with an increase
in Lüders strain is well correlated with the print patterns that show more localized in-
terfacial strains. This can be explained (in part) by the changes in microstructure for
the different print patterns. PP2 and PP3 show a more abrupt change in microstructure
from one weld bead to the next; this is due to the abrupt change in chromium weight
fraction. This is in direct contract from PP1 where the chromium concentration changes
gradually over a longer distance. These differences result in a gradual reduction of acicular
ferrite and bainite over a larger distance in PP1 versus more acicular ferrite and bainite
at the interface but a sharper decline in PP2 and PP3. The evidence for this statement
is strengthened by the correlation of the hardness profiles to the chromium concentration












FUTURE WORK AND RECOMMENDATIONS
9.1 Academic Future Work
The work presented in this thesis answers some fundamental questions about the fabrication
of multi-material steels via AM but also provides a framework for future experiments.
A natural extension of this research would be to replicate these blocks and analyze the
fracture behaviour, toughness and strength in a method similar to Sridharan et. al. [67].
The toughness and fracture mechanisms of the different print patterns would be a useful
study for continued engineering improvements. In these studies, one may also analyze
the toughness from a variety of directions along or through the interface. The fracture
mechanisms of this multi-material would be very useful to any future mechanical numerical
models. The other aspect would be to manipulate the orientation of the tensile samples
tested. In this study the samples were all in the y-direction, the yz face was 6 mm across
and the xy face was 5 mm across. Studies may be done within the pure materials, or in










9.1. Academic Future Work
There were three print patterns created in this thesis, but this is not an exhaustive list
of the various types of interactions between materials that may exist in a large scale print
– especially for industrial applications. The print patterns chosen were the ones that may
be most common. The same DIC and SEM types of experiments could be done but on
blocks with much more complex print patterns. The following list gives some examples
that may prove helpful in future experiments.
• Rotation of individual print patterns
• Rotation by 30°, 45°, and 60° in the same direction
• Rotation in opposing directions
• Rotation by 90° for alternating layers (i.e. PP1 on one layer, PP2 on the next, etc.)
• Alternating bands of MS and SS (i.e. MS-SS-MS-SS etc.)
• Artificial transition region (i.e. MS-MS-MS-SS-MS-MS-SS-SS-MS-SS-SS-SS )
• A central block of MS with surrounding SS coating layers
• Print the blocks on top of each other instead of adjacent
• Increase or decrease the scale of the entire print, including taller samples to see if the
strength converges
Additionally, the materials characterization of these phases can be studied in continued
depth. While the phases were identified, a quantitative model describing how much of
each phase exists at each location would be useful. Continued investigation with EBSD
to determine the grain size dependence on distance from the interface could feed directly
into computational models. This would be well paired with micro-mechanical in-situ SEM
tensile testing. The strength values stated in this study are in the regions of lowest strength.
In-situ tensile testing under SEM of the various zones would provide a significantly more












One of the suspected outcomes of this research was to determine if there was one print
pattern that was ‘better’ than another. In this case, this could potentially mean increased
strength, more favourable microstructure etc. Due to the overlapping variance in strength,
it cannot be said that one print pattern is exclusively stronger than another. If a choice had
to be made as to which print pattern is the strongest, the minimum variance in strength,
as well as the highest average both, occur in PP1. The changes in strength can be seen as
varying spatially as the strength decreases moving towards the base plate. On the other
hand, the formation of Lüders bands and degree of Lüders strain is statistically higher
for PP2 than PP3 or PP1. This means that for applications that require less low-stress
deformation, PP1 would be the optimal choice. While it is not statistically proven in this
thesis, the Lüders strain is also marginally larger closer to the topmost area of the print
block and in column 2 rather than column 3.
Lastly, the print patterns where the mild steel beads travel normal to the interfa-
cial plane (PP1) show more chromium at further distances but also significantly lower
chromium adjacent to the interface. In applications that require higher corrosion resis-
tance, it is the opinion of the author that a higher chromium content over a shorter dis-
tance will provide better protection. This is to say that PP2 and PP3 are recommended
for corrosion applications.
As mentioned in the objective statement, this work was partially inspired by the need
for practical engineering knowledge on future prints of direct interests to industry. As
this work will most likely be digested by the academic community, there must be some












The standard error of the mean (SEx̄) is the measurement of the variance in a sampling
distribution statistic (in this case the mean) taken from a population. Because no one
experiment represents a full population statistic, the SEx̄ is the approximation of the
standard deviation of the population; the smaller the SEx̄, the more representative the
sample is of the overall population.
In various portions of this thesis the average of a data set was given as well as the error
in the average (error bars in the case of figures). The calculation of the error for the entire
















σs is the standard deviation of the sample, and n is the number of data points in the mean.
EDS Quantification
In chapter 6.3.1, it was stated that EDS is not an accurate quantitative tool for determining
the chemical composition of a sample. A brief description of the physics and quantification
will be provided here.
The EDS process works by using the electron beam to excite characteristic x-rays from
an area of the specimen. A solid-state detector is used to collect the x-rays that are
emitted and leave the sample. The x-rays generated produce electron-hole pairs which
are equivalently proportional to the energy of the x-ray and hence the energy state of the
electron excited in the material. The periodic table entry can then be calculated and sorted
by which x-ray spectrum has the most counts.
The quantitative weight fraction of each element must then be calculated – it is not




where Io(z) is the electron beam intensity, C is the atomic concentration, σ is the
ionization cross section, ωx is the shell fluorescence yield, Γx is the radiative partition
function, µ is the x-ray absorption coefficient, ε is the detector efficiency, Ω and θ are the
sample angle and beam angle respectively [99,100].
The issue is that many of the parameters are empirical models that must be approx-
imated – specifically the ionization cross section, radiative partition function and shell











standardless EDS method a relative intensity ratio k-factor must be used to convert it to







This k-factor is a theoretical value where the error associated increases as the number of
elements in the system increases. The k-factor can also change due to sample thickness or if
the elements are too light – in experience anything lighter than aluminum is questionably
credible. This is the main source of error in the EDS method along with peak overlap
and variable measurement times. According to Bert Freitag of the FEI Company, this can
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Figure A9: PP3-3 small strain behaviour. No data exist in the fifth row due to an error n mechanical











Figure A10: PP1-eds-6. Micrograph of the bottom most layers – this is the intersection of the mild stee,
stainless steel and base plate.
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